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THEORETICAL RESEARCHES ON THE EFFECTS OF 
GUNPOWDER AND OTHER EXPLOSIVES. 





CHAPTER I. 
PROPERTIES OF GASES. 


l. Mariotte’s and Gay-Lussac’s Laws.—Gases and superheated 
vapors tend towards a limiting state, called that of a perfect gas, 
which is characterized by the two following laws: 

1. Mariotte’s Law.—The pressures of the same mass of gas are 
inversely proportional to the volumes. 

2 Gay-Lussac’s Law.—All gases have the same coefficient of 
dilatation under constant pressure, and this coefficient is independent 
of the pressure. 

These two laws are expressed by the equation, 

(1) pu=K(1 +a); 

where v is the volume of unit of weight of the gas, / the pressure, ¢ 
the temperature, a the coefficient of dilatation under constant pres- 
sure, and A’ a constant depending upon the nature of the gas. 
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2. Absolute Temperature—The coefficient of dilatation a, which 
is the same for all perfect gases according to Gay-Lussac’s law, is 
shy, nearly, according to the experiments of Regnault. Conse- 
quently, equation (1) becomes, 


K 
(2) p= =. (273 +t). 


The factor (273 + 7) is called the absolute temperature in the 
dynamic theory of heat. It is the centigrade temperature counted 
from a zero placed 273 degrees below the ordinary zero. 

3. Specific Volume.—lf we call ~, the normal atmospheric pres- 
sure, and put A = £,v,, equation (2) may be written, 

ae POM san 
(3) pos Fo (273+), 
and, in this form, we see that v, is the value of v which corresponds 
to the values = 0 and p = #, of the temperature and pressure. 

This constant, which is called the specific volume, represents then 
the volume of unit of weight of the gas at zero temperature, and 
under the normal pressure ; if the gas under consideration can reach 
these conditions of pressure and temperature without change of state 
and without ceasing to satisfy Mariotte’s and Gay-Lussac’s laws, its 
numerical value is the reciprocal of the specific weight, or weight of 
the unit of volume at zero and under the pressure /,. 

The specific volume ceases evidently to have this signification for 
gases and vapors which are in the state of a perfect gas only at tem- 
peratures above zero. Its definition results from equation (3), which 
the gas under consideration must satisfy in the limiting state; its nu- 
merical value may be derived from that equation by determining by 
experiment, in the physical conditions where the equation is applic- 
able, a system of values corresponding to /, v, and 4 

The determination of specific volumes, or, what is the same thing, 
the densities of gases and vapors, is of great importance in chemis- 
try; and they have been the object of the research of many eminent 
scientists. We shall return, at the end of this chapter, to the physi- 
cal laws which have been established, dwelling particularly upon 
those which are useful in the approximate calculation of the force of 
explosive substances. 

4. Specific Heat.—The specific heat of a substance is the quantity 
of heat necessary to raise unit of weight of the substance one degree 
centigrade. The quantity may be measured in two ways: the body 
which is being heated may be allowed to expand freely under a deter- 
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mined pressure, or the volume of the body may be maintained con- 
stant; in the first case the specific heat is of constant pressure, and in 
the second of constant volume. 

Calorimetric experiments have established the following law, which, 
like those of Mariotté and Gay-Lussac, appears to characterize the 
state of the perfect gas: 

The specific heats under constant pressure and constant volume are 
independent of the pressure and volume. 

This law has been experimentally verified by Regnault by the 
direct determination of specific heats under constant pressure. 

As to the specific heats for constant volume, their direct measure- 
ment being almost impossible, this verification cannot be made. The 
law appears, however, sufficiently confirmed by the indirect measure- 
ment which has been made, of the relation between the specific heats 
throughout a considerable range of temperature and pressure, by 
many investigators. 

5. Conversion of Heat into Work by the Expansion of Gas.—The 
above laws being established, we may deduce as follows the relation 
that exists between the variations of volume and pressure of a gas 
and the heat necessary to produce them. 

Resuming the fundamental equation (3), and writing for shortness, 


(4) k= 
and calling 7 the absolute temperature 273 + 4, this equation may 
be written, 
(5) po= kT. 

The consequences which follow are these : 

1st. If, the pressure # remaining constant, the volume varies by the 
amount dv, the temperature undergoes a corresponding variation 


pdv 


represented by ; and, consequently, the gas has received a quan- 
P R q y g q 


, c'pdv ; : 
tity of heat - » ¢ being the specific heat under constant pressure. 
2d. If, the volume v remaining constant, the pressure varies by df, 


the temperature varies by a and the gas has received a quantity 


of heat equal to + , ¢ being the specific heat under constant volume. 


3d. Consequently, if the volume and pressure increase together by 
dv and dp, the gas receives a quantity of heat: 


(6) dg= > (c'pdu + cudp). 
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Differentiating (5), we have, 
(7) RdT = pdv +- vdp, 
and, eliminating successively between (6) and (7) df and dv, we have 
the two equations, 


(8) dg=cdT+ = 
F 


(9) dg=c'dT— : = -vdp; 
which, together with (6), contain all the thermodynamic laws of gases. 

6. We will first consider equation (8). The quantity pdv, which 
appears in its second member, is evidently the work done by the 
elastic force of the gas when the volume increases by dv. 

Let » be an infinitely small element of the surface which incloses 
the gas. The pressure on this element is pw, since / is the pressure on 
unit of surface; and the element of work of this pressure correspond- 
ing to an infinitely small increase of volume is poh, h being the 
displacement of » perpendicular to itself. The work done then is 
prwh; but Zwh is the variation of the volume dv; therefore pdv is 
the external work done by the gas. 

It results, then, from equation (8) that the quantity of heat ab- 
sorbed by a gas in an infinitely small change is composed of two 
terms; of which the first is proportional to the change of tempera- 
ture, and the second to the element of external work. 

If we consider a change which alters by finite quantities the tempera- 
ture and volume of a gas, we derive, by integrating (8), the quantity 
of heat absorbed during the change : 


g= f(ceT+ <a bdo). 


If ¢ and’ are functions of 7 and », this expression can only be 
integrated if we know the relation between them; but if we assume 
(No. 4) that ¢ and ¢’ are constants, we have 


g=e far+ Re f pee, 


or calling 7» and 7; the initial and final temperatures and ¢ the total 
external work done by the elastic force of the gas, we have 


(10) g=(T,—T) + Fo. 


63. Equivalence of the heat and work.—If we put 7,= 7, in the 
last equation, that is, if the gas returns to its initial state, we have 
c—e 


(11) I= 6. 


: pdr, 
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Thus, in this case, the amount of heat absorbed by the gas is pro- 
portional to the external work done. 

The quantity 
(12) A=->— 


which expresses the ratio between the heat absorbed and the work 
done, is called the calorific =. of the work ; and its reciprocal, 
(13) £= 75>" 

is the mechanical equivalent of the heat. 

We thus sre that we may deduce from the known laws which govern 
gases the notion of the equivalence of heat and work, whose precise 
conception has led to so great progress in the theory of heat. The 
fundamental postulate of this theory consists in the assertion that the 
quantity which has been designated £ is invariable, and independent of 
the nature of the body which has served as intermediate in the trans- 
formation of heat into work. We need not recall here the reasoning 
which has established the soundness of this principle, which may other- 
wise be considered as sufficiently confirmed by the verification of its 
numerous consequences. 

We consider, then, that, for perfect gases, there exists between the 
volume and the two specific heats the relation expressed by (13) ; or, 
taking into consideration the value of R (4), the relation, 

aR Poo 
(14) B= 373 ¢—e 
expresses an invariable number, depending solely upon the choice of 
the units which serve to express the quantities of work and heat. 

7. Value of the mechanical equivalent of heat.—Since the value of 
E is independent of the nature of the gas, we may derive it from the 
values of vo, c’, and c, which have been experimentally determined for 
many gases, following the laws of Mariotte and Gay-Lussac. We 
take, for exi.mple, atmospheric air. 

Regnault’s experiments show that under constant pressure the 
specific heat of air is ec’ = .23754, 
and that its specific volume (the reciprocal of the specific weight), 


taking for units the meter and the kilogram, is 
I 


1.2932 
Finally, the ratio between the two sputie heats, deduced from the 


velocity of sound as observed by Regnault, is 


7) 


— 


Fe 
71-3945) 
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from which we derive, for the specific heat of constant volume, 
¢ =.17034. 

Inserting these numerical values in (14) and putting p, = 10333, 
we find 
(15) E= 436. 

This, then, is the value of the mechanical equivalent of heat, as de- 
termined from the best determined constants which are now obtainable. 
It is the value which we shall adopt. We must not lose sight of the 
fact, however, that there is some uncertainty as to its exact value, in 
consequence of the large result that small variations in the value of 


the ratio J would produce. 


8. Adiabatic transformations.—Up to this point we have considered 
only those transformations in the state of a gas which are caused by 
its losing a quantity of heat. It may, however, happen that the 
transformation takes place within an envelope which is impermeable 
to heat ; in which case the gas may change its volume and pressure, 
and consequently its temperature, without gain or loss of heat. The 
change is then said to be adiabatic, and the laws which govern it 
may be derived from equations (6), (8), and (9), by putting dg =o. 
We thus obtain the relations, 


(16) c'pdv +- cvdp = 0, 
(17) ed T+ ~ pdv =0, 
(18) cd T— ~~ vdp =0; 


from which follow several important results. 
9. Law of pressures—Taking equation (16), and putting 2 =, it 


may be written 


dv d 
a . =0, 
whence, integrating, and calling / a constant, 
n log v + log p = log /, 
or, 
(19) vr p=. 

Also v, the volume of the unit of weight, is the reciprocal of p, the 
weight of the unit of volume. Thus, equation (19) may be written 
~p =/ p”; or, in an adiabatic change, the pressure varies proportion- 
ally to a power of the density equal to the ratio of the two specific 
heats. 
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Such is the law of pressures discovered by Laplace and Poisson be- 
fore the birth of the mechanical theory of heat. 
10. Law of temperatures.—Let us consider equation (17). If we 


put ¢’ =e, and for / its value == derived from (5), it becomes 


«hence, by integration, and calling /, a constant, 
(20) Io —*=afy 
Consequently, recollecting that, as before, v is the reciprocal of the 
density, we have this law: The absolute temperature of a gas,in 
any adiabatic transformation, is proportional to a power of the density 
equal to the ratio of the two specific heats minus one. 

We may also present this law under another form. Equation (17) 
may be written EcdT + pdv =0, 

—e 


by recolleciing that we have, from (13), —s = z . Consequently, 
integrating, and calling 7, and 7, the initial and final temperatures 
of the gz ve have 

(21) Ec(T,— T)= f pdv. 


But the second member represents the total work done by the elastic 
force of the gas (No. 5). Thus, in an adiabatic transformation, the 
temperature is lowered by a quantity which is proportional to the 
external work done. 

11. Zhe work done by the indefinite adiabatic expansion of gas.— 
If we suppose that the gas expands indefinitely without gain or loss 
of heat, the volume v increases indefinitely; and it results, from 
equation (20), that the temperature 7 approaches zero. The final 
temperature of the transformation 7, is then zero. Putting 7;—=0 in 
equation (21), we have, for the total work of the expansion, 

(22) =n eZ, 

The work is therefore equal to the product of the mechanical 
equivalent of heat, the specific heat under constant volume, and the 
initial absolute temperature. 

We may thus say that the measure of this work is found by multi- 
plying the mechanical equivalent of heat by the quantity of heat 
which the gas absorbs, under constant volume, when its temperature 
is raised from the absolute zero to 7,; or gives out, under constant 
volume, when its temperature is lowered from 7, to absolute zero. 

We shall finish this exposition by a rapid summary of the laws 
which control the volumes and specific heats of gases and vapors, 
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and which permit us, in many cases, to calculate these important 
elements without its becoming necessary to have recourse to experi- 
mentation. 

12. Laws governing mixtures of gases.—1st. The specific volume 
of a mixture of gases is the compound mean of the specific volumes 
of the gases mixed. Thus, let a,, a,, 4,, be the quantities of the 
various gases which make up a unit of weight of the mixture, and »,, 
Vy, Vs, the specific volumes corresponding ; the specific volume of the 
mixture is 
(23) Vg = 4, V, $ 2, U; + 2,7; + 

EXAMPLE.—Taking for units the kilogram and meter, the specific 
volumes of oxygen and nitrogen are .69941 and .79607. And, ac- 
cording to the determinations of Dumas and Boussingault, these gases 
exist in atmospheric air in the ratio of .23 to .77. Substituting these 
values in (23), we have, for the specific volume of atmospheric air, 
Yo ==.77385. Regnault found by direct experiment, v,—=.77318, 
which differs little from the first. 

2d. The specific heat (under constant pressure or constant volume) 
of a mixture of gases is the compound mean of the specific heats of 
the gases mixed. This law gives rise to the formula, 


(24) C4, 6, Oy Oy 2505+ 
similar to the foregoing. 

If we apply this to the heat of atmospheric air under constant pres- 
sure, using the values c’,;—=.2175 and ¢’, = .2438 for the specific heats 
of oxygen and nitrogen, we find c’ = .2378. Regnault’s experimental 
determination was .2374. 

13. Relation between the specific volumes and molecular weights.— 
Gay-Lussac was the first to formulate the following important law, 
which subsequent experimentation has fully confirmed : 

The product of the specific volume of a gaseous body by its chemi- 
cal equivalent, or by a multiple or simple submulliple of this equiva- 
lent, is constant. 

Thus, if we designate by v and ¢ the specific volume and the 
equivalent, we have 
(25) Mev, —=h, 

m being a number which is generally unity, sometimes 2 or 3, and 
very rarely }. 

Taking m==1 for hydrogen, we have: 
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m=z1 for nitrogen, chlorine, bromine, iodine, and all the metals 
which have as yet been volatilized. To this group belong 
also numerous binary compounds ; protoxide of nitrogen, 
carbonic oxide, carbonic dioxide, vapor of water, sulphur- 
ous acid, hydrogen sulphide, &c. ‘ 

m= 2 for some simple bodies: Oxygen, sulphur, selenium, tellur- 
ium, phosphorus, arsenic. 

m=} for binoxide of nitrogen, chlorhydric acid, ammonia. 

m==% for some very few substances, chlorhydrate of ammonia, for 
example. 

If we take unity as the equivalent of by rogen, and take the kilo- 
gram and meter as units, the numerical vaiue of / is 11.15, about; 
so that the specific volume of a gas whose equivalent is ¢ is given by 
the formula, 

__. 15.35 
(26) ee 

Gay-Lussac’s law may be very simply presented, if we admit, fol- 
lowing the atomic theory, that the number of molecules in unit of 
volume, at a fixed pressure and temperature, is the same for all 
gases. In fact, according to this hypothesis, the weight of unit of 
volume is proportional to the weight of a molecule, or to the molecu- 
lar weight. But the weight of unit of volume, and the specific volume 
%, are inversely proportional ; hence, from (26), the molecular weight 
is proportional to me. 

Thus, the multiple or submultiple of the equivalent which satisfies 
the law of the specific volumes is a measure of the molecular weight. 
For example, the molecular weight of hydrogen and nitrogen being 
Hand N, those of oxygen and sulphur are O* and S*. The molecu- 
lar weight of ammonia and chlorhydrate of ammonia, for which the 


values of m are } and }, are V} Hi and Ni ACI. 

We may thus formulate as follows the law of specific volumes: 
The product of the specific volume of a gas by its molecular weight is 
constant. 

14. Laws of specific heats.— Molecular heat.—The product of the 
molecular weight of a body by its specific heat is called the molecular 
heat of the body. 

Regarding gases we have from experiment : 

ist. That the molecular heat under constant pressure has the same 
value, A’, for hydrogen, nitrogen, and oxygen. 

2d. That it is greater than A’ for the other gases and vapors, 
and that it becomes greater as the gas becomes more complex. 
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The numerical value of A’, derived by taking the mean of the 
specific heats of hydrogen and nitrogen, may be taken as 3.411. 

If, then, we call ¢’ the specific heat under constant pressure and w 
the molecular weight, we may write, 


(27) (m= lls sel 


w 
« being a quantity which is equal to zero for the simple gases, and 
those the nearest to the state of a perfect gas; and is positive for 
others, and increases as the molecule of the gas or vapor is made up 
of a larger number of atomic elements. 

For example, for vapor of water, carbonic sulphide, alcohol, and 
ether, whose molecular weights are 

HO CS’ C’H’O C‘H'O, 
the values of a are respectively 
913 2.555 7-017 14.386. 

15. The specific heat under constant volume, whose experimental 
determination is almost impossiblc, is calculated for perfect gases by 
the relation (14), which gives 

en I Povo 
(28) acd wi 

It is only necessary to know ¢ and the specific volume 7. The 
latter may be determined by experiment, or deduced from formula 
(26), when the molecular weight # is known. We have, in this case, 


o== *; and ly putti 
v= ~; and consequently putting 


< = I A 
a weet AB, 
and replacing ¢’ by its value (27) in equation (28), the latter may be 
written, » 
(30) c= a se 


The value of X, the molecular heat under constant volume of simple 
perfect gases, is obtained from numerical values of quantities on which 
(29) depends. 

We have already shown that 
K' =3.411 h = 11.15 E= 436 po = 10333 
whence it results A = 2.443. 

16. Relation between the two specific heats.—This ratio, which 1s 
so important a factor in all adiabatic transformations, is deduced from 


(27) and (30) ; which give 
A. c _ K'+a 
(31) ST =F71 
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For hydrogen, nitrogen, and oxygen we have, very nearly, «=0; 
consequently 


’ 


K" __ 3.411 
K ~ 2.443 

For gases and vapors whose molecules are complex, the value of 2 
approaches rapidly to unity for increasing values of a. 

If we admit, for example, the values of a already given (No. 14), we 
have, for vapor of water, sulphur, carbon, alcohol, and ether : 

nm = 1.29 1.19 1.10 1.06. 

17. Finally, the value 2 = 1.40, which we have found for those of 
the simple gases which approach most nearly the ideal state which 
has been c»’sed the state of a perfect gas, appears itself inferior to the 
theoretical limit which would be realized if the molecules of the gas 
were strictly mono-atomic. It results, in fact, from reasoning based on 
the new thermodynamic theory, that the ratio of the two specific heats 


re) 


= 1.40, nearly. 


i— 


has in this case the extreme value = The smaller value (1.40) 


found is explained by Gehrard and Clausius by the hypothesis that 
the molecules of even these gases contain at least two atoms. 

We are thus led to conclude that the ratio of the two specific heats, 
variable with the greater or less complexity of the body, is between 


5 


the limits ~ and 1 ; and approaches rapidly to the iuaterior limit when 


the number of atoms making up the molecule is increased. We shall 
see hereafter that these considerations, which may appear at first 
purely speculative, are not without importance for the particular 
object in view. 

18. Hypothetical law of Claustus.—It is known from experiments 
of Regnault upon the specific heats of solids that : 

1st. The molecular heat of simple bodies is constant (Dulong and 
Petit's law). 

2d. The specific heat of compound bodies is the compound mean 
of that of the simple bodies of which they are composed. 

Clausius supposes that these two laws may be applied to the spe- 
cific heats under constant volume of perfect gases. According to this 
hypothesis the specific heat under constant volume of a perfect gas 


may be found by the relation, 
RK 
(32) ‘—- oo? 


w being its molecular weight and A the constant, whose definition and 
value have already been given (No. 15). 
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19. The specific heat of a compound gas is deduced, by formula (24), 
from its chemical composition, as if the combined elements were mixed. 
If, for example, a gas whose composition is represented by the formula 

we wire wes, 
w,, #,, #, being the molecular weights of the constituents, so that 
@ = Nw, + Rw, + Nyws 
will be the molecular weight of the compound. We apply here 
formula (24), remarking that the quantities of the elements in unit of 
weight of the compound are 
MN, @, Ny Ws 71,5 
a= ee 4= 2 4,— m 
Consequently, calling ¢,, ¢, ¢s, the specific heats under constant 
volume of the constituents, and ¢ that of the compound, we have 
OG fe 2g gly $y 56, 
“- : 
and finally, from the relation (32), 
K(n, + n, + 2,) 
(33) ‘= - ° 
, : h N. 
Putting ,-+-2,-+-+n,—= WJ, and putting v= » and «= in 
equation (28), and from (29) we have, 
K'+(N—1) KX 


(34) c= <2 

From (33) and (34) we have, finally, 

(35) nan mad ; (e-)) 
c N\ KE . 


, 


which, from the value = 1.40, already found (No. 16), for perfect 


simple gases, may be written in the very simple form, 
(36) ua=iI+ NW" 


20. It is hardly necessary to dwell upon the importance of the pre- 
ceding formulas. They show that the specific heats of gases and 
vapors depend upon their chemical composition. 

The application of these formulas, even to perfect gases, must, 
however, be under certain reservations. For if, as shown by the 
experiments of Regnault, hydrogen, nitrogen, and oxygen satisfy 
sufficiently accurately (32), it is not so for chlorine and bromine ; and 
the departures from the law are sufficiently great to make us attribute 
them to something else than alterations in the laws of Marioite and 
Gay-Lussac. 
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Also, formula (33) gives greater values to the specific heats of com- 
pound gases than those found by experiment. In this last case, how- 
ever, the error must be lessened at high temperatures ; for the specific 
heats under constant pressure of imperfect gases increases with the 
temperature, as Regnault has shown by experiment upon carbonic 
acid. 

If it is not, then, certain that the hypothesis of Clausius gives rigor- 
ous formulas in the limiting state, we can at least admit that it fur- 
nishes an approximation equally good with that furnished by the 
experimental laws which govern the specific heats of simple and com- 
pound solids; and that the relations which are derived from it, so 
frequently used by Berthelot in his researches in thermo-chemistry, 
may be reasonably accepted. 

We shall apply them in the following chapter to the theoretical cal- 
culation of the principal elements which are required for the approxi- 
mate evaluation of the force of explosive substances. , 


CHAPTER II. 
ON THE FORCE OF EXPLOSIVE SUBSTANCES. 


1. When a substance is exploded in a capacity of constant volume, 
the products of combustion develop a pressure whose value, variable 
with the time, reaches a maximum in an extremely short space of time, 
and then decreases progressively in consequence of cooling. At the 
end of this cooling the substance is changed into products whose 
nature is variable with the conditions of the explosion, and which may 
be determined by chemical analysis. 

These products are, according to circumstances : 

Exclusively gaseous (detonation of chloride of nitrogen) ; gaseous 
and solid (explosives of the nitrate and chlorate class) ; gaseous and 
liquid (nitro-glycerine and gun-cotton). 

In all cases we must admit that, at the instant of maximum tension, 
the products are totally gasified; the temperature at this instant is 
generally greater than the melting point of the most refractory 
metals. 

Also, at this temperature, the products of combustion are probably 
not-the same as those found after the cooling. As remarked long 
since by Melsens, they are then partially or totally dissociated ; and, 
by a chain of transformations producing gradually less simple combi- 


~ 
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nations, the variable state of temperature and pressure brings about 
the final state, which alone can be the subject of observation. 

2. Force of an Explosive Substance.—lf we suppose that the laws 
of Mariotte and Gay-Lussac are applicable to the gasified products 
of explosion at the instant of maximum tension, the value of this 
tension, as a function of the temperature and specific volume corre- 
sponding, is easily obtained. 

Suppose, for example, that we consider unit of weight of an explo- 
sive detonating in volume v. The maximum pressure will be given 


by the equation 
— PrrmT, 
v= 
(37) fi 273 
in which 7, is the absolute temperature of the products of explosion 
at the instant of maximum tension; v, the specific volume of the mix- 


ture of these products, supposed entirely gasified. 
Consequently, we have the pressure, which is inversely propor- 


’ 


7 


‘ UV» Ze s 
tional to the volume, equal to Pole * when the volume is reduced 
7 


to unity. 
The quantity 
(38) ‘— Po% 7, 


is what we shall call the force of the explosive. It represents the 
pressure developed by the unit of weight of the substance detonating 
in unit of volume. 

We shall next see how its approximate value may be determined. 

3. Heat and Temperature of Combustion.—We shall call heat of 
combustion the quantity of heat Q that unit of weight of the explo- 
sive substance evolves, under constant volume, in the ideal case where 
the final temperature of the products of combustion is absolute zero. 

Thé absolute temperature of combustion is the temperature 7, which 
the products would have if all the heat of the combustion were used 
to heat them from absolute zero. 

If the specific heat of the products of combustion under constant 
volume were constant throughout the transformations which these 
products undergo in passing from absolute zero to 7, or, inversely, 
from 7 to absolute zero, we would have between Q and 7 the well- 
known relation 


(39) 


T= 2 




















RESEARCHES ON THE EFFECTS OF POWDER. 15 


The specific heat, c, would be practically constant if, in the changes 
undergone, the products remained gaseous, and if, in this state, the 
hypothesis of Clausius were really applicable to them. In fact the 
specific heat of a compound gas being, according to this hypothesis, 
the same as if the combined elements were mixed, it is clear that the 
mean specific heat of the mixture preserves, in all states, a value equal 
to that of the entirety of the simple bodies which make up the explo- 
sive body, supposed freely mixed. 

In reality, there is reason to believe (Chapter I, No. 14) that this is 
only approximate, and that the specific heat increases in transforma- 
tions in which the constituents pass from a less to a greater state of 
complexity. It also certainly increases at the time of the passage of 
a body from the gaseous to the liquid state, and from the liquid to the 
solid state. 

Consequently, equation (39) would give too great a value for 7, if 
we take for ¢ a value derived by the hypothesis of Clausius for the 
entirety of the products supposed gaseous. We would have too small 
a value on the other hand if we follow Bunsen and Schisckhoff, and 
take the value relative to the final state. 

We shall adopt the first value, which, as Berthelot has remarked, 
seems to be preferable for reactions whose temperatures are high, and 
which, moreover, has the advantage of enabling us to calculate the 
value a priori from the composition of the explosive substance and 
independently of an analysis of the products of explosion. 

4. We shall suppose also, following all the authors who have treated 
subjects analogous to the one we have in view, that the temperature, 
7,, corresponding to the maximum pressure, is sensibly equal to the 
temperature of combustion, 7, already defined. We write, conse- 


quently, 
(40) = £ . 


Thus we have a superior limit; for the heat of combustion, Q, 
comprises not only the quantities of heat which change the tempera- 
ture of the products, but also those which the chemical or physical 
changes of state produce. 

These principles being admitted, we obtain the definite expression 
of the force of an explosive substance in this form, 

a ae Por Q 
(40H) fap POE. 

The force, then, is directly proportional to the heat of combustion 

and the specific volume, and inversely proportional to the specific heat. 
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It remains now to show how these three characteristic elements 
may be theoretically or experimentally determined. 

5. Value of the specific heat under constant volume.—-Accord- 
ing to the hypothesis which has been admitted, the value of ¢ is ob- 
tained by applying the law of gaseous mixtures (Chapter I, No. 12) 
to the elements which make up the substance under consideration. 

If, for example, a,, 4,, 4,, are the proportions of the various ele- 
ments, and ,, #,, w,, their molecular weights, for unit of weight, the 
corresponding specific heats are, according to equation (32), 





K K K 
w, . Ws ° Wy, , 
and we have, consequently, according to formula (24), for the specific 
heat sought, 
a, ay a; 
(41) c= K( w, v @, > w, + a .) 


This formula requires that the molecular weight of the elements 
shall be known. The following are the values for those simple bodies 
which make up the most common explosives : 


Molecular weight. 


Name of body. Symbol. Value. 
RE, gw ew te 8 8 H I 
ee ee N 14 
Chlorine ar ae ee C7 35-5 
Oxygen She em ak 6: Me Ot O° 16 
Sulphur tient +t. *« . <«- 32 
Carbon a we 6 6 ey ee G* 12 
SE ee 19.5 
Sodium a a a eee 11.5 


6. Another method may be given for the calculation of ¢c. Sup- 
pose, first, that the substance is a definite compound, like nitro- 
glycerine or gun-cotton; and that its equivalent ¢ is represented by 
the formula wf wf? wf*; ,, w,, ,, being the molecular weights of the 
elements, so that we have 

én, wo, + 2, 0, -+ 2, 0, + 
The proportions of the elements in unit of weight being 


i May __ ay 


a, o—_ — a,—— 
1 ’ 2 ’ 3 >» 
é 


é 
formula (41) becomes 


(42) ex STATS: - +) 
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Notice that, in this expression, as well as in the equivalent one 

(41), the numerical value of A’ is (Chapter I, No. 15), 
K= 2.443. 
Let us take, for example, chloride of nitrogen, WC7/*; we have 
e114 +3 X 35-5 = 120.5, 41, = 3, «= = == 0623. 
Again, let nitro-glycerine be represented by the formula 
C*H'(NOAH)Y= C'H'N'*O"; 

in this case, ¢€ = 227. 

Writing the formula in the form 

(C?) A’ N*(0*)’, 

in order to show the molecular weights, we have 


oe 2443 GESH3 +49) 


937 = .2197. 

7. When the substance is a mixture we may first calculate the 
specific heat for each of the constituents, and then take the com- 
pound mean according to the proportions of the ingredients. 

The following table shows the values of ¢ for the simple and com- 
pound bodies which compose the principal explosives : 


Name of substance. Equivalent. Value of c. 
nn. } + 6 8 8 + S .0763 
+6 6. ¢ © «© « » « ¥ -2036 
Nitrate of potassium . .. . NO’ KO 1451 
Nitrateofsodium .... . NO* NaO 1724 
Chlorate of potassium. . . . C10O*KO 1197 
Chloride of nitrogen . . . . NCI 811 
Nitro-glycerine . . . ... C*H*(NO' HH)’ .2197 
Gun-cotton . ..... . C*H"O"NOH' 2314 
Picrate of potassium . . . . C'*H*A(NO"')*O" 1830 


The following are the values of ¢ for the various powders made in 
France : 





Mixture, 
_ “~ Value 
Kind of powder. Nitre. Sulphur. Charcoal. ofc. 
Best sporting powder . .... 78 10 12 -1452 


Cannon powder iy, ak sa a 12.5 12.5 -1437 
Fine-grained powder, called 1 B. . 74 10.5 15.5 .1468 
Powder ofcommerce .... . 72 13 15 -1448 
Ordinary blasting powder . . . . 62 20 18 -1420 
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These values differ very little, and may all be taken as equivalent 
to their mean, .1445. 

It has also been found that for a mixture of 55 parts of picrate of 
potassium and 45 of saltpetre, c= .1661 ; and, for a mixture of equal 
weights of picrate and chlorate of potassium, ¢ = .1513. 

Note.—lIn the calculations relative to gunpowder the charcoal has 
been treated as pure carbon. The charcoal used in the manufacture 
of gunpowder contains, however, hydrogen and oxygen about in the 
proportion in which they exist in water. This will cause an increase 
in the value of c, and one which may become appreciable, since the 
value of ¢ for vapor of water is .4072. 

9. Theoretical determination of the heat of combustion.—The heat 
cf combustion, which, like the specific heat, is one of the character- 
istic elements of the force of explosive substances, may be calculated 
when we know: 

1st. The chemical composition of the substance and the final pro- 
ducts. 

2d. The quantities of heat absorbed or given out by the formation 
of the compounds which make up the initial and final state of the 
reaction. 

It results, in fact, from one of the fundamental laws of thermo-chem- 
istry, that the amount of heat given out by a continuous series of reac- 
tions is equal to the difference between the heat of formation of the 
compounds in the initial and final states. 

Berthelot, who was the first to state this law, basing it upon the 
well-known law of the conservation of energy, has made numerous 
and important applications of it to the heats of combustion of explosive 
substances. It is thus made possible, by studying the calorimetric 
researches of various experimenters, and, without making further 
determinations, to explain in a rational manner the characteristic prop- 
erties of the detonating substances, which, before the utterance of this 
law, could be compared only by empirical methods. 

We shall not dwell further upon these interesting researches, but, 
referring the reader to the works of that eminent chemist for further 
details, shall recall some experimental laws which bear upon the same 
subject. 

9. Experimental determination of the heat of combustion.—To 
determine by experiment the heat of combustion of an explosive sub- 
stance we have only to fire a known weight of it in a vessel plunged 
in a calorimeter, and to observe the increase of the temperature of the 
bath when it has absorbed the heat of the reaction. 
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The first determination of this nature was made by Bunsen and 
Schischkoff upon a powder like our sporting powder. The experi- 
ment showed that the products of combustion of a kilogram of this 
powder give out 644 cadories in cooling to a temperature of 20 degrees. 

We have attempted, in a series of experiments at the central depot 
of the State manufactory, to resume these researches, and to extend 
them ‘to various substances. We shall give, further on, the results of 
these experiments. 

Calorimetric determinations do not give all the heat of combustion, 
Q. The measured quantity, g, is that which is given out by the pro- 
ducts of combustion in passing from the temperature of combustion, 7; 
to the absolute temperature of the calorimeter ¢. The difference, O—g, 
represents, then, the heat which would be given up in passing from ¢ 
to absolute zero. It is generally very small, compared to Q, because 
of the extreme elevation of the temperature of combustion. We may, 
moreover, easily find its value if we know the specific heat, c, between 
the limits of and zero. We would have, 

(43) O= q+ e4. 

The specific heats corresponding to the lower temperatures are, in 
general, not known; for the want of more precise data, we may substi- 
tute for them the theoretical values found in No.7. These values are 
too small ; but the resulting error, affecting only a relatively very small 
term, would be small. The mean temperature of our experiments 
being 17 degrees, the corresponding value of the absolute temper- 
atures is f= 273 + 17 = 290. 

We may thus, for these elements, approximately correct the ob- 
served heats, and derive from them the corresponding heats of com- 
bustion. 

The following table gives, for the principal explosives: 

st. The quantity of heat g, measured by the calorimeter ; 

2d. The heats of combustion Q, deduced from the foregoing by 
(43); 

3d. The temperatures of combustion, calculated from the heats of 
combustion Q, and the theoretical specific heats by the formula 


T= 2. 
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Heat of combustion. 
“ — Temperature 





Measured. Corrected. of combus- 
Name of explosive. Caldries. Calies. ey 
Best sporting powder, . : . 807 849 5870 
Cannon powder, . , ° 553 795 5500 
Fine-grained powder, called B, . 731 773 5350 
Commercial powder, , ; 694 736 5090 
Ordinary blasting powder, ; 570 612 4240 
Chloride of nitrogen, . , : 16 339 4180 
Nitro-glycerine, . ‘ ‘ » 8720 1784 8120 
Gun-cotton, . , . ; - 1056 1123 4850 
Picrate of potassium, . ° ‘ 787 840 4590 
Mixture of 55 picrate of potassium 
and 45 salipetre, . . 916 964 5810 
Equal parts of picrate and choune 
of potassium, . ‘ , - 1180 1224 8090 


These figures are the results of calorimetric experiments made at 
the central depot, exccpt those for the heat of combustion of chloride 
of nitrogen, which were made by Deville and Hautefeuille. 

10. Theoretical determination of the specific volume v,.—The 
specific volume of the products of combustion presents greater diffi- 
culty in its determination than any other of the elements. For we 
can only observe the products in their final state, and can know 
nothing experimentally of their condition at the instant of maximum 
tension. We can, however, make a calculation according to two 
hypotheses, corresponding to two extreme cases which comprise, 
probably, the truth. 

We can make the calculation as though the elements of the mixture 
were entirely dissociated, having thus a superior limit of the possible 
specific volumes; and we have also an inferior limit by supposing 
that the compounds found in the final state are already formed, and 
are simply vaporized at the time of maximum tension. 

First case. Complete dissociation —Resuming the notation of No. 
5, let us call a,, 4, 4,,... the proportions of the elements forming 
unit of weight of the substance, and ,, »,, »,,... their molecular 
weights. The corresponding specific volumes are (Chapter I, No. 13) 

h h h 
A=> >, aL, w= 


and the specific volume of the mixture is, by (23), 


(44) n=h( = + = += +...) 
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Second case. Vaporization of the final products.—If the final pro- 
ducts have been found by chemical analysis, the specific volume of 
each one may be calculated from its molecular weight, which, gener- 
ally, is equal to its equivalent. This computation involves no other 
possible error than the one which results from our being obliged, in 
certain cases, to take the half of the equivalent. The cases in which 
the molecular weight is one-fourth of the equivalent are very excep- 
tional, and may be left out of account. 

After the preliminary calculation, it is only necessary to take the 
mean of the specific volumes of the bodies forming the final state 
according to the proportions of the mixture. 

11. The calculation is simplified by applying first the equivalent of 
the explosive substance, and afterwards reducing to unit weight. If 
the composition in the final state is known, in equivalents, the specific 
volumes in the two limiting cases may be simply calculated at the 
same time. Suppose, for example, that the explosive is represented 


by the formula w%: w% w¥s . ..; ,, #,, w,, being the molecular 


weights of the elements, so that 
en, wo, + nN, oO, + 2, 0, + 
is the equivalent of the substance. 

Call ,, 0,, ,, . . . the molecular weights of the bodies of the 
final state, and 

e=Nu+A,0,.+A,0,+... 
the formula of the reaction. 

Reasoning as we have already done several times, particularly to 
obtain formula (42) for the specific heats, we easily find that the 
specific volume is represented by the formula 

__ (m+ 2+ m+...) 
(45) = as 
in the case of entire dissociation ; and by'the formula 


(46) —*(Mt+ = Norte +.) 


in the case of the volatilization of the nj of the final state. 
The value of 4 is (Chapter I, No. 13), 4 = 11.15. 
12. We consider, for example, nitro-glycerine, whose combustion 
is represented by Berthelot by the equation 
C*H*(NO'H)* = 6CO® + 5HO + 3N+ O, 
or, showing better the molecular weights, 


(CY A'N*(0")' = 6CO + 5HO + 3N + 10. 
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Consequently, the specific volume is, 


n= UISGEST3IF9) 


° 227 = -983, 
in the case of complete dissociation ; and 
__ 11.15 (6+5+3+%) _ 
% = =.712, 


227 
in the case of the vaporization of the bodies of the final state. 

In the following table are written the calculated results for some 
explosive bodies. The formulas of reaction adopted are those used 


by Berthelot in his researches : 
Specific volume. 


Se 











oo an | 


Name of explosive. Of elements Of products 

dissociated volatilized. 
Best sporting powder,. . ... . 654 .308 
Chloride of nitrogen, . .... . .370 -370 
Nitro-glycerine, ... . . .. +: . .983 -712 
ee Th ss «ss et a lO .680 
Picrate of potassium, . . ... . 835 .669 


13. Jntermediate states.—We see, from the table, how great an in- 
fluence the chemical state of the products at the instant of maximum 
tension has upon the value of the specific volume. The ratio of 
the two limits, which is unity for chloride of nitrogen, which always 
decomposes into its simple elements, varies for the different bodies 
between that limit and two, for the best sporting powder. 

Now, between these two extreme cases, there may be intermediate 
states, according to the varying physical conditions of the products 
in the very short period between the beginning of the burning and 
the instant of maximum tension. It is very probable that the mode 
of combustion may exercise a very great.influence on these circum- 
stances ; and that the conditions, for example, which develop the reac- 
tion instantly in all parts of the body, differ essentially, from this 
point of view, fram shose which cause a progressive reaction. 

It is probableythat we may ascribe to these causes the different 
effects prodticed by the same substance under varying conditions. 

14. Theoretical calculation of the force of an explosive substance, 
when totally dissociated.—F ollowing our examination of the circum- 
stances on which the characteristic elements of explosive substances 
depend, we may lay down some considerations regarding the theo- 
retical expression for the corresponding force. 

This expression is given by formula (404), and its value may be 
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found when, by the aid of the preceding principles, the values of ¢, 
Q and v, are known. Among the results which are thus obtained, we 
must notice that which relates to the complete dissociation of the pro- 
ducts of combustion. 
In this case, according to the values of ¢ and v, (41) and (44), the 
formula reduces to 
p. hO 


(47) f=, Kk 


and, as the constants 4 and A’ are independent of the nature of the 
substance, we are led to the following consequence: Zhe force of 
an explosive substance when entirely dissociated, is proportional to its 
heat of combustion. 

We have, also, A = 11.15, and K = 2.443; inserting these values 
in (47), and putting ~, = 1, we have for the expression of the force 
in atmospheres, 

(48) J = .01672 X @. 


This is evidently a limit superior to that actually reached. 

15. /ntermediate states— Equivalent combustions.—There is reason 
to suppose, as has already been stated, that the chemical state of the 
products at the instant of maximum tefsion is not generally that of 
complete dissociation ; the actual state is less simple and varies with 
the conditions of combustion. 

Among the different reactions which these conditions may cause, 
we note those which present the same initial and the same final states. 
To these reactions the following principle, laid down by Berthelot, in 
his thermo-chemical researches, under the name of the “ principle of 
the calorific equivalence of chemical transformations,” applies : 

Having given a system of simple or compound bodies in a determined state ; 
if this system undergoes any physical changes bringing it to a second state, the 
quantity of heat absorbed or given out depends solely upon the initial and final 
states of the system. It is the same, whatever may be the nature or sequence 
of the intermediate states. 


Let us call, for brevity, those reactions which have the same initial 
and final states, calorifically equivalent, or simply eguiva/ent reactions. 

Observing that: 

Ist. Equivalent reactions have the same heat of combustion Q; 

2d. The specific heat of differing equivalent reactions is the same, 
since, according to the hypothesis of No. 3, it depends only upon the 
nature and proportions of the simple elements present in the reactions. 
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Thus the force varies otily as the specific volume v,; and we have 
this consequence : 

The force developed by the same explosive substance, in varying 
equivalent reactions or combustions, ts proportional to the specific 
volume of the products form: d at the instant of maximum tension. 

By the different values of this element, variable’with the state of 
dissociation of the products, may be explained the considerable varia- 
tions of the force ; even though chemical analysis of the final products 
and calorimetric determinations remain the same. 

16. Theoretical calculation of the force of the final products when 
vaporized.—The lower limit of the force of an explosive is obtained 
by the aid of the value of v,, corresponding to the final state of the 
products, supposed entirely gasified, but not decomposed, at the 
instant of maximum tension. 

Making the calculation for the substances whose specific volume 
has already been found (No. 12), and comparing them with those 
which are obtained by the formula for total dissociation, we have the 
following table : 


Name of explosive. Substance a state 
dissociated. vaporized. 
Sporting powder, ; ° ° ° 14.19 6.62 
Chloride of nitrogen, . ‘ : ‘ 5-67 5-67 
Nitro-glycerine, . : ‘ : ° 29.83 21.18 
Gun-cotton, ; ‘ . : ; 18.78 12.08 
Picrate of potassium, . ‘ ‘ ° 14.04 11.25 


The linear unit adopted being the meter, the table gives, in atmos- 
pheres, the pressure developed by a kilogram of the substance deto- 
nating in a cubic meter. 

17. Approximate expression for the force of an explosive sub- 
stance.—We may obtain another expression for the force of an ex- 
plosive substance. It is only approximate, but is extremely simple, 
and has the advantage of containing only quantities which may be 
determined by direct experiment, without its being necessary to have 
recourse to the determination by chemical analysis; which, as the 
foregoing considerations show, depends upon the theoretical and 
somewhat unreliable values of the specific volumes. 

Take the general expression for the force, 


f= I pm OD 


2 = 
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7) 


From equation (14), which is between the heat and specific volume 
of a gas, we find 
2 - 
I po =—E ( —_ ') : 
73 «¢ c 
, 


, - € ; 

Consequently, calling the ratio , of the two specific heats, we 
have the very simple formula, 
(49) S=(n—1) £Q. 

The ratio 2 is equal to 1.40 about for hydrogen, nitrogen, oxygen, 
carbonic oxide, etc. We have, consequently, 

— 
(50) f=-EQ, 
5 

if these gases, or others approaching nearly the state of a perfect gas, 
were the only products of combustion. But, in a great many cases, 
these products comprise besides vapor of water and other even more 
complex vapors, which are liquefied or solidified after the cooling. 
For these compounds, z is less than 1.40, and approaches unity, in 
consequence of the progressive formation of the final state. 

If, then, we call « the weight of permanent gas due to the combus- 
tion of a kilogram of the explosive substance, the quantity 2 — 1 may, 
in a first approximation, be considered as a function of «, which, vanish- 


? 


——_ t. , 2 
ing with «, becomes = fore==1. We have then, nearly, # —1= < ti 
and consequently, 


(51) f=" EO:. 


This formula shows that, similarly to a law of Berthelot, the force 
of explosive substances is nearly proportional to the product of the 
heat of combustion by the weight of the permanent gases produced 
by the explosion. 

If the conditions of the explosion are such that the substance is en- 
tirely, or even partially, dissociated, so as to produce compound gases 
for which we would have x = 1.40, as would be the case for carbonic 
oxide, we must take «==1, and the force would be given by (50). 
The latter agrees, as may easily be shown, with the value (47) already 
obtained. 

18. By means of experiments made at the central depot, « has been 
determined for some substances. These together with the heats of 
combustion, and the corresponding forces, expressed in atmospheres, 
are tabulated below: 
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Heat of 
Weight of gas. combustion. Force, 
Name of explosive. €. 2. S. 

Kil. Cal, Atm, 

Sporting powder, . e ‘ ‘ 337 849 4-83 

Common powder, . ; . 412 795 5-53 

Fine-grained powder, called B, , 414 773 5-40 

Powder of commerce, . . . .446 736 5-54 

Ordinary blasting powder, . ‘ -499 612 5-15 

Chloride of nitrogen, : ; 1.000 339 5-72 

Nitro-glycerine, . : : : .800 1784 24.09 

Gun-cotton, . ‘ , P , 853 1123 16.16 

Picrate of potassium, . : , -740 840 10.49 
5 parts of picrate of potassium and 

“yh of saltpetre, . .485 964 7.89 
Equal parts of picrate and chlorate 

of potassium, . ‘ , . .466 1224 9.63 


19. Relative force of the explosive substances.—It is remarkable 
that the five powders should have about the same force, notwithstand- 
ing differences of fabrication. This result has been confirmed by ex- 
periment, which shows that the bursting charges of the five different 
powders for the same shell varies only 15 to 17 grams. 

The mean of the forces of powders is 5.29. This corresponds to 
a force of 5290 atmospheres for a kilogram of powder, detonating in 
a liter, that is to say, in its own volume; these results are thus in 
accord with those made by Captain Noble upon powder exploded in 
its own volume. The pressure measured by him under these condi- 
tions by means of a gauge, was 37 tons on the square inch, or 5600 
atmospheres, for the F. G. powder, and about 32 tons for the R. L. 
G. The following table shows the relative force of the different 
explosives : 


Name of explosive. Relative force, 

Powder containing saltpetre, . , . : : I. 

Chloride of nitrogen, . . . , ; ° 1.08 
Nitro-glycerine, . ° : > . . . 4.55 
Gun-cotton, . , ; ; : . , ; 3.06 
Picrate of potassium, . : ° 1.98 
55 parts picrate of potassium and 45 3 of saltpetre, ; 1.49 
Equal parts picrate and chlorate of potassium, ‘ 1.82 


20. The figures of this table appear to agree sufficiently well with 
the real effects of explosives, fired in a manner to produce what, in 
the experiments undertaken with M. Roux, we have called explosions 
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of the second order, that is to say, explosions produced by any other 
agency than a strong fulminating primer. 

For example, the relative force of gun-cotton is about equal to that 
found by the French commission on gun-cotton (3.20), derived from 
the comparison of the charges just necessary to burst a shell. 

Other similar experiments confirm the result for nitro-glycerine. 
The mean charge of powder required to rupture shell was 16 grams. 
In the same shells, the effect of dynamite which contained 50 per 
cent. of nitro-glycerine, fired by a small quantity of powder, was such 
that 1 part of nitro-glycerine was equal to 2 parts of powder, under 
these circumstances. But, as Berthelot has remarked, the heat dis- 
engaged by firing dynamite is divided between the products of the 
explosion of the nitro-glycerine and the inert vehicle, which latter 
has about the same specific heat. It results that, in such dynamite, 
the temperature, and consequently the force, must be lowered one- half. 
The force of pure nitro-glycerine should then be doubled, and be 
estimated at about 4. The difference between this value and that 
given in the table is not great. We will add that, for a mixture of 
picrate and nitrate of potassium, the bursting charge was found to be 
about 11 grams, which corresponds to a relative force of {f= 1.45; 
which differs little from the theoretical value, 1.49. 

21. On the relative force of some substances, when dissociated.—In 
applying formula (51) to nitro-glycerine and gun-cotton, we suppose 
that those of the products which are not permanent gases after the 
cooling, are vaporized, but not dissociated, at the instant of maximum 
tension. If they are, on the other hand, decomposed into gas so that 
the value of ” is 1.40, we must use formula (50). In comparing, as 
before, the new values with the mean force of powder, we obtain the 
following relative forces : 


Nitro-glycerine, . ‘ , . . : ‘ 5.68 
Gun-cotton, . . : , : , ‘ ° 3.58 


In these new conditions, then, the force of gun-cotton becomes 
almost four times that of powder. 

As to the figure for nitro-glycerine, it appears to have been almost 
reached in an experiment made by M. Roux, where about 2.7 grams 
of pure nitro-glycerine were fired by 1 gram of powder in an ordi- 
nary shell. In this experiment, 2.7 grams of nitro-glycerine equalled 
15 grams of powder; whence the value of the relative force is 5.55, 
which differs little from its theoretical value, 5.68. 

22. Explosions of the first order.—But, however great the power 
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of dissociated nitro-glycerine may be, it still fails to account for the 
effects observed when this substance is fired by violent percussion or 
by a charge of fulminate of mercury. It results, in fact, from our 
experiments, that the effect of nitro-glycerine is then at least nine 
times that of powder. 

We have proved, by a new calorimetric experiment, that the heat 
disengaged under these circumstances does not differ sensibly from 
that due to explosions of the second order. Though this proof, made 
upon a small quantity of dynamite, on account of the intensity of the 
effects produced, has not the precision of our former determinations ; 
it excludes the possibility of ascribing the great variation in the effects 
produced to variations in the heats of combustion. We may add that 
formula (50) being applicable to the complete dissociation of the sub- 
stance, we cannot suppose that the explosion of the first order can 
produce new decompositions into simpler elements. 

We must, then, either give up the attempt to explain the phe- 
nomena by Mariotte’s and Gay-Lussac’s laws, of which formula (49) 
is a rigid deduction; or suppose that , the ratio of the two specific 
heats, acquires, at the instant of maximum tension, a greater value 
than 1.40; this latter value is that corresponding, in normal condi- 
tions, to simple gases, near the state of a perfect gas. If, adopting 
this view, we seek to determine a value of x which will make the 
force of nitro glycerine nine times that of powder, according to the 
equation, 

(n—1)EQO= 9 X 5.29 X 10333, 
we find, taking for Q the value of nitro-glycerine, 1784, 
n= 1.632. 

This value of 2, almost equal to §, reaches, then, the upper limit 
found theoretically for mono-atomic gases (Chapter I, No. 17). 

By pushing further the deductions from this result, we would be 
led to explain the observed effect by supposing that, under the in- 
fluence of a violent commotion there may be produced, in certain 
substances, an unstable molecular structure, a sort of intra-molecular 
dissociation, capable of destroying, during an infinitely short space of 
time, the atomic equilibrium, and of causing separation into more 
simple elements than those which are produccd by the normal 
mechanism of the internal forces. 

We do not disguise the hypothetical nature of these theories ; we 
have thought it better to formulate them, in the absence of better 
explanation, in order to show that these obscure phenomena are not 
absolutely inexplicable in the present state of science. 
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23. If our explanation is correct, and if other unstable nitrogenous 
compounds, such as chloride of nitrogen and gun-cotton, can ex- 
perience, like nitro-glycerine, this atomic dissociation when violently 
detonated, the corresponding force will be obtained by putting x= 
fin formula (50). It is then represented by the expression 


(52) S=t£Q, 
and its value is, consequently, § of that which is produced in the case 


of molecular dissociation. 
The relative forces calculated by this formula are 


Chloride of nitrogen, . ° ° ‘ ° ; . 1.80 
Nitro-glycerine, . . , ° ° ° ° - 949 
Gun-cotton, : . ° ° ‘ ° ° - 5-97 


Under these conditions then, chloride of nitrogen will produce 
double the effect of gunpowder ; and this result is certainly not at 
variance with what we know of the violence of this substance. 

24. The foregoing considerations seem likely to throw some light 
upon the cause of the varying effects produced by explosives accord- 
ing to the manner of their inflammation. They constrain us to admit, 
for each substance, the existence of a sort of scale of pressures; the 
point of which reached by the explosive, when the circumstances of 
the combustion are progressively varied, corresponds to so many 
sudden variations of the law of tensions. 

Nitro-glycerine offers a striking example of this. Its explosive 
force reduced in the proportion of 5 to 3, when the detonation ceases 
to be “fulminante,” is still more greatly lowered when the cooling of 
inert bodies suppresses the dissociation of a part of the products of 
combustion. Do these characteristic effects of the definite explosive 
compounds appear in the same degree in the combustion of the mix- 
tures which make up the ordinary gunpowders ? 

Although these substances have a relative stability, it is probable 
that they produce analogous phenomena ; and it is probably to cir- 
cumstances of this nature that we must ascribe the origin of the dis- 
continuities which the discussion of Rumford’s experiments has enabled 
us to state in the form of the law that the tension of the fluids of the 
powder depend on their density ; and perhaps also the variations in 
the determination by different persons of the force of powder. 

Experiment alone can solve this complex problem, whose complete 
solution will furnish the principal element of the dynamic theory of 
explosives. 
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CHAPTER III. 
ON THE WoRK OF EXPLOSIVE SUBSTANCES. 


1. We have considered in the preceding chapter the pressure devel- 
oped by the combustion of an explosive substance in a fixed and resist- 
ing envelope. We shall next study the effects produced by the expan- 
sion of the gas in a variable volume, as in a gun, from the displace- 
ment of the projectile. 

At first, we shall consider only the more simple of these effects, in 
which, the explosion being instantaneous, we assume that the body is 
entirely gasified before the volume has appreciably altered. The case 
of a progressive combustion, in which the gases are produced during a 
change of volume, is much more complex, and will be made the sub- 
ject of a special study. 

2. Work due to the expansion of an explosive body.—Let unit of 
weight of the explosive deflagrate instantaneously in a capacity whose 
initial volume is v,; call v the volume at any instant of the expansion; 
and let us find the work corresponding tothe variation of volume v — 2% 

If we neglect the loss of heat due to the cooling of the walls of the 
envelope, the transformation is adiabatic; that is, unaccompanied by 
gain or loss of heat. Consequently, the work corresponding, 6, is 
given by (21) of the first chapter ; and we have 
(53) G=L£e(7%,— 7); 

c being the specific heat of constant volume of the products of combus- 
tion, and 7,and 7 the temperatures corresponding to the volumes 2, 
and v. 

(© may be expressed as a function of the volume when the ratio of the 
two specific heats of the gas remain sensibly the same during the ex- 
pansion. Equation (20) shows that 7v"~' is then constant. 


We thus have 1f"*= 7,0", 
@ ” 1 
ry? “yr ~« 
and consequendy = r.( ) , 
Vv 


whence we derive the new value 


(54) 6= eT 1—( -) ]: 


But according to equation (40), the product ¢ 7, is equal to the 
heat of combustion Q. We may therefore write 


(55) 6=£0[1—-(+ )"): 
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and the work due to the combustion of any quantity » of the sub- 
stance is, evidently, 


(6) =£0-[:-(F) J. 


3. Maximum work or potential of an explosive substance.—lIf v 
increases indefinitely, the limiting value of the work is, by (55), 


(57) A= EQ. 


Consequently, the work due to the indefinite expansion of unit of 
weight of a burned explosive ts equal to the product of the mechani- 
cal equivalent by the heat of combustion. 

This maximum work we shall call the Jofentia/ of the explosive 
substance. 

It is important to notice that the expression 4—= £Q of the maxi- 
mum work that unit of weight of an explosive can produce is inde- 
pendent of the phenomena of dissociation ; and remains the same im 
the case where the specific heat of the products of combustion varies 
during the expansion, in consequence of sudden changes in the 
chemical state of these products. In fact, from the equation, 


EcdT + pdv=o, 


which represents an infinitely small adiabatic transformation (Chapter 
I, No. 10), we derive, in all cases where the temperature varies from 


7, to absolute zero, 
7, 
C= frw=ef cdT, 


and the integral fed 7 represents, in all cases, the total heat given 


out by the products in passing from zero to 7,; that is to say, the 
heat of combustion Q. 

In equations (55) and (56) it is assumed, on the contrary, that the 
ratio m of the two specific heats remains sensibly constant during the 
expansion that is considered. 

4. Potentials of some explosive substances.—The following table 
exhibits the values of the potentials of some powders and other ex- 
plosives. These have been calculated by multiplying the experi- 
mental heats of combustion (Chapter II, No. 9) by 436. The pro 
ducts being divided by 1000, the figures of the table are tenne- 
meters. 
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Name of explosive. Potential, 
Sporting powder, : , ‘ ° : ; » 370 
Cannon powder, . , , : , . - 347 
Fine-grained powder, called ms , ; ‘ - 3 
Powder of commerce, . . ; ° ; ‘ © ga 
Ordinary blasting powder, . ‘ , : ‘ . 267 
Chloride of nitrogen, . ° , : . , . 148 
Nitro-glycerine, . ° , ; ° e , - 770 
Gun-cotton, ‘ : ; ‘ ° ° ‘ - 489 
Picrate of potassium, . ; - 366 
55 parts of picrate of potassium ond 45 sof ealtpete, - 420 
Equal parts of picrate and chlorate of potassium, - 534 


5. Hypothesis of Bunsen and Schischkoff.—In their chemical theory 
of the combustion of gunpowder, Bunsen and Schischkoff have calcu- 
lated in a different way the maximum work of the powder with which 
they experimented. They made the calculation as though the solid 
residues found after the cooling remained solid throughout the phe- 
nomena and kept their initial temperature ; thus evaluating only the 
work of the adiabatic expansion of the permanent gases. 

In this hypothesis, formula (53) for the work is replaced by the 
following : 

© ==: Fe,( 7,—7) 
where « is the weight and ¢, the specific heat of the gaseous products 
of the combustion of a kilogram of the substance. 

But we have always ¢7,—= QO, O being the heat of combustion 
and c the specific heat of the entirety of the products. 

We may then write 


ec T 
(5 — : E j—; ’ 
c 2 Ze 
and, in particular, if 7 tends towards zero, we have the limiting value, 
ec 
k=— EO. 
c 
According to this hypothesis, then, the value of the potential is a 
fraction of what we have found. For example, for sporting powder, 
— oo , ; 
the ratio . differing little from unity, and « being 4, about, we find 


from the corresponding value of EQ, 4 = 120 tonne-meters, about. 
This manner of calculating the work of explosive substances appears, 

however, hardly admissible. Bunsen and Schischkoff themselves ad- 

mit that the volatilization of the solid residues at the temperature of 








d- 
of 
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combustion, if not certain, is, at least, highly probable; and, if it be true, 
as these chemists incline to think, that the resulting vapors have a 
tension which may be neglected in comparison with those of the per- 
manent gases, the heat which they give out in cooling to the mean 
temperature of the mixture is none the less transformed into work. 

It is not reasonable that these products should keep the same tem- 
perature during the whole expansion ; and if we admit, on the contrary, 
that, vaporized, or even solidified, they have at each instant the same 
temperature as the gas, we must adopt the value of the potential which 
we have already laid down. 

In fact, in this second hypothesis the expansion of the gases ceases 
to be adiabatic, since they absorb the heat given out by the other prod- 
ucts in cooling to the mean temperature of the mixture. If we call « 


and 1—« the relative proportions of the gaseous and non-gaseous 
products, and ¢, and ¢, the respective specific heats, 
. ee, + (1 — ee, 


represents the mean specific heat of the mixture. 

In cooling from 7), the initial temperature, to 7, the temperature 
after expansion, the products give up a quantity of heat represented by 
g=(1—<«)¢,( 7,— 7) ; and equation (10) applied to a weight ¢ of gas 
passing from 7,to 7, gives 

& 
(1-—¢)0.(7,— 7)=mee,(7— J) + FE’ 
whence we derive 


G©=£E[(1—=s)¢,.+ ¢¢,][ 7 — 7], 
that is to say— = £e(7,— 7), 


an expression identical with (53), and leading, like it, to the value of the 
potential, A= £O. 

6. First approximation to initial velocities —Formula (56) gives a 
first approximate determination of the initial velocity of a projectile. 

If we suppose that the combustion of the powder is instantaneous, 
and if we neglect the loss of heat to the walls of the gun, this formula 
will express the work done by the gas in terms of the energy of the 
projectile. 

We have thus— 


72 a n—1 
68 nV" af s—-(2J 7], 
where 

Vis the initial velocity, 

m the mass of the projectile, 
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w the weight of the charge of powder, 

hk the potential of the powder, 

v, the volume of the powder chamber, 

v the total capacity of the bore, 

n the mean value of the ratio of the two specific heats of the products 
of combustion. 
For this last element we may adopt, following what has already 

been laid down (Chapter II, No. 17), the approximate value 


a: — 
(59) =", 


in which ¢« is the weight of gas yielded by the combustion of a kilo- 
gram of the powder used. 
From (58) we have 


(6 y=(#) (2) 


as the expression for the initial velocity, if the combustion is instan- 
taneous and no heat is lost. 

We shall show how this formula may be modified to take account 
of the progressive burning of the grains and of the loss of the heat of 
the products of combustion to the walls of the gun. 














PaRT II. 


EFFECTS OF POWDER IN GUNS. 





CHAPTER I. 


EQUATION OF MOTION OF A PROJECTILE IN THE BORE. 


1. In treating this problem we shall suppose that all the products 
of combustion are in the state of permanent gas. 

In forming the equation, certain circumstances of secondary impor- 
tance will be neglected. It will be assumed, in particular, that the 
observed effects are exempt, or corrected for, the influences of the 
vent and of windage, and that the influence of rotation and resistance 
to forcing the projectile into the grooves has been compensated for 
by a proper variation of the mass of the projectile. 

We shall also neglect the cooling effect of the walls of the gun, but 
shall return to this in a subsequent chapter. 

2. From the beginning of the inflammation of the charge, the gas 
is formed progressively, spreads in every direction, and displaces the 
projectile, carrying with it the part of the charge not yet burned. 

At any given instant, the density of the gas varies at different 
points of its mass according to an unknown law; the temperature 
also varies, doubtless, as the parts of gas just formed are mixed with 
other parts which have been cooled by expansion: for this actual 
state we shall substitute one in which the density and temperature 
are the same throughout, and equal to the mean density and tem- 
perature. 

The hypothesis of a mean temperature is very nearly the same as 
assuming that the gaseous products during each infinitely short 
period of time are instantly lowered to the temperature of the gas 
already formed. 

3 Following this hypothesis, let, at any instant 4, y= F(#) =the 
weight of the products of combustion; and 7=their absolute tem- 


perature. 
Consider the change due to an infinitely short period of time, a7. 
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During the time d/, the weight y is increased by dy; and this quan- 
tity dy, in falling from the temperature of combustion 7, to the mean 
temperature of the products 7, gives out a quantity dg of heat, which 
is equal to the product of dy by ¢ (the specific heat of constant 
volume) by 7,— 7 (the difference of temperature). Thus 


(1) dg =c(T,—T) dy. 


In the same time, the quantity of gas already formed y, absorbs 
the heat dg, does the external work ad, and its temperature 7 
varies d7. 

Between the variations dg, dS, and @7, we have the thermo- 


dynamic relation, _ 
(2) dg =cyd T+ , 


as will be apparent from (8) of Part I; recollecting that Adv is the 


= £ (13). 


lami 





element of external work, and that - 


Substituting in (2) the value of d¢ from (1), we have 
SS —6( 7. — 71) ey —epd T=d[y(TM—T)); 


consequently, integrating from the origin of inflammation, 
ify 
(3) Fao (N— 7). 


4. We may transform this equation by means of the relation be- 
tween the temperature of a gas and its volume and pressure. 
Let = the pressure of the gas on unit surface, 
V=its volume ; so that 


= - is the volume of unit weight. 
We have then 
(4) PV=KyT, 
R being a constant depending on the nature of the gas. 
From (3) and (4) we have, 
(5) opV+ a =cR7,). 


We observe the following : 
st. The specific heat of constant pressure being ¢’, we have 


R 


E= — 
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, c 
hence, putting as before x = "4 from (5) 


R : 
(6) =; =c(n—1). 


2d. The product of & 7, represents, as shown by (4), the value of p 
corresponding to 7=7,, V=1, and y=1. It is, therefore, the 
pressure developed, in constant volume, by unit weight of powder ex- 
ploding in unit volume. We shall call this quantity the force of the 


‘powder. 
Calling this /, and recollecting (6), (5) may be written 
(7) pV +(x—1) 6 =P. 


Such is the relation which exists, at each instant of the expansion, 
between ihe weight, the pressure, and the external work. 

5. To deduce from this the equation of motion, let 

m= the mass of the projectile; 

w = its transverse section, supposed equal to that of the bore; 

u =its displacement at any time ¢. 

Neglecting the displacement of the gun during the motion of the 
projectile, the work © will be given by the equation, 


7 du? 
(8) c=} m( di ) . 
Also, the moving force being fw, we have 
ee 
(9) pw —m dt? ” 


The volume occupied by the gas V is composed of 

1st. The initial volume V, existing around the charge before the 
displacement of the projectile ; 

2d. The volume of the interstices around the grains in the fraction 
of the charge which is lighted. Let_y,—= /, (4) be this volume; 

3d. A volume equal to that of the powder which has burned, that is, 
to z, 0 being the density of the powder ; 


4th. The cylindrical space wz, equal to the displacement of the pro- 
jectile. 

We have then, V=Vi+9,+ A + wn, 
or simply 


(10) V=w(u+2), 
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if we put, for shortness, 
YY, 
(11) =+( Ut a ) 
We have from (9) and (10), : 
pVvV=m(u+2z) . 


Substituting this in (7), and replacing © by its value from (8), we 
have the following equation, which gives the motion of a projectile 
in a gun, 


(12) (us) Get" (F)=Z. 


The problem is then reduced to finding the integral of this equa- 





, or , , a : 
tion ; it being evident that it and the first derivative qj must vanish 


when ‘= 0. 

6. If we consider the combustion instantaneous, the weight of 
powder burned y becomes equal to the weight of the charge @, and 
the gas formed occupies immediately the whole of the powder chaméer. 

7. If then we call u, the reduced length of the powder chamber, that 
is to say, the height of an equivalent cylinder having for its base the 
section of the bore w, we have z= x, in (10). 

Consequently (12) becomes 


(13) (wpm) G+ 8S ( Saf: 


in this form it is directly integrable. 
Let v =the velocity of the projectile, then we have 


(14) (up u)o@4+2*—t yi, 


2 m 





or, separating the variables, 
2vdv 

2fm 
(n—1)m 


[*—,; (n— Le | ray =¢, 


where C is a constant which may be determined by the condition that 
when vo, u=o; hence 





du 
e— a 


and integrating, 


afm - PY ae 
uv ’ 


C=—-—*— 
(%—1)™ 
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therefore 
a 2fm : Uy - a—1 
(15) ees eo [:—(< 2 |: 

This formula is the same as (58) of Part I. It may be put in the 
same form by means of (49) of Part I. 

8. To suppose that the combustion is instantaneous, is not however 
permissible. If it were so, the gases being suddenly formed in a 
volume very nearly equal to that of the powder, would produce 
enormous pressures which the gun could not withstand. It is only 
by the use of progressive powder that the high velocities and low 
pressures of recent times have been attained. 

We must, therefore, in (12), consider y and z as functions of A In 
this case, however, the integration by ordinary methods becomes 
impossible. 

We can obtain, however, approximate values of the integral in two 
extreme cases when the displacement which it represents is very great 
or very small compared to the reduced length of the chamber. 

These two cases are, moreover, very important. The first cor- 
responds to the ordinary cases in practice, where the chamber is 
generally only a rather small fraction of the volume of the bore. The 
examination of the second case leads to some interesting results con- 
cerning the law of tension near the origin of motion, and consequently 
concerning the high pressure which it is generally believed is pro- 
duced at that time. The first of these cases only will be treated here. 

9. Before attempting the approximate solution of (12), we may re- 
mark that it depends upon the form of the two functions F (/) and 
F,(®, which will vary according to the manner of combustion of the 
charge. 

We shall resume first, adding some new considerations, the notions 
we now have concerning these functions. 


CHAPTER II. 


ON THE FoRM OF THE FUNCTION y==F(?), REPRESENTING THE 
COMBUSTION OF THE CHARGE. 


10, The exact determination of the function F(#) presents great 
difficulties. Its form depends at the same time on the physical pro- 
perties of the powder, on the form and dimensions of the charge, on 
the position of the vent, etc. 
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Piobert was the first to give its form by formulas which he had ob- 
tained under the supposition that the portion of the charge not 
ignited retained at each instant the form which it had before the 
charge was ignited, and further, that the ignition was propagated 
spherically with a constant velocity around each of the points of the 
exterior surface successively reached by the flame. 

We are able to clear the problem of these restrictions and to estab- 
lish, following the track of Piobert, several very complete simple 
formulas, rigorously determining the function /(¢) by the aid of two 
new functions ¢(/) and ¢(7), defined as follows: 

11. We designate by @ the weight of the charge of powder, ¢(#) 
the fraction of this charge which is in ignition at any time ¢ reckoned 
from the beginning of ignition, ¢(¢) the fraction of one of the grains 
(supposed equal) of the charge which is burned after a time ¢ count- 
ing from the instant when the exterior surface of this grain is reached 
by the flame. 

Then let ¢ be any given epoch of the combustion and «x any pre- 
vious time; after the time x the weight of the powder in ignition is 
g=—™¢(x). If the time x increases by dx, g receives the increase 
dg wy" (x)dx. 

During the time ‘— x which elapses between the time x and 4,a 
portion of the element dg is burned, and this portion is equal to 
dg.(t — x) = we (x)y(t— x)dx. 

The total quantity of powder burned is obtained by integrating 
this expression between the limits o and 4, and we have 


(16) F)=o f ox) ¢ (t— x) dx. 


Before making hypotheses with regard to the functions ¢ and ¢, we 
shall deduce from this formula some general properties of the func- 
tion F. 

12. The function y= F (1) ts discontinuous. In fact, designate: 

1st, by @ the time at which all the grains are ignited ; 

2d, by - the duration of the combustion of a grain. 

For values of x greater than @ we have always ¢(x)—=1, and 
consequently ¢’(2) =o. The corresponding elements of the integral 
being also 0, it suffices to integrate between the limits o and @. We 
have then for values of ¢ greater than @, 


(17) FO=0f ?(x)o(t— x) dx, 
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If we suppose in the second place ¢ >, the value of ¢(¢— x) re- 
duces to unity for those values of x such that ‘— x >r, that is to 
say, for such values of x as are less than¢—vr. It results then, for 
values of 2 between o and ¢—-:, the element of the integral reduces 
to ¢'(x)dx, so that we have: 

‘—rfT 7 
Foe fe) dx +o f g' (x) (t— x) dx, 
0 &t— 
that is to say, 
t 
8) FW ==) +0 f oa) 9¢—a de. 
‘—T 
From formulas (16), (17) and (18) it is easy to conclude that the 
function /' (7) is generally represented by three functions, which are 
substituted the one for the other during the total duration of combus- 
tion. We have in fact: 
ist. If 0< +s, 


( t 
from ‘=o to /=— 8; Fo= wf (2) (t— x) dx 


6 
(19) J from ‘== 0 to ==; Fai)= o f(x) (i (t—x)dx 
r) 
from ‘=: to/—0+-; F(¢4)= wf ¢¢x) i (t{— a) dx 
t—T?T 
+ %¢ (¢—*). 





\ 
ad. If >>, 
ve 
r= s=0 to f=; Fij=o f g(x) (t—x) dx 


t 
fron ‘+ to /—0; F(t)= @ f $x) ((t—x)dx 





(20) 4 na + ¢ (¢—r) 
ve 
from ‘= 0 to = 0 +7; F(4)= wf ¢' (x) ¢(t—x) dx 
i‘—f 
, + @¢ (¢—=): 


the discontinuities corresponding to the values @ and + of the time. 
13 For each of the values @ and = the first derivatives of two func- 
tions which are substituted the one for the other have equal values. 
This remarkable: property of the function F (/) is established without 
difficulty by differentiating the expressions (19) and (20) with respect 
to # and substituting the particular values of @ and - in the results 
obtained. 
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It follows then, that if we represent by a curve the general form of 
the function /'(#), it will Se composed of three successive arcs having 
a common tangent at the points of discontinuity. 

14. The case in which the duration of ignition bears a very small 

bi ratio to the duration of combustion of a grain. 
f When the charge is very small or when the interstices between 
grains offer an easy passage to the burning gases, it is conceivable 
that the necessary time for all the grains to be reached by the flame 
is very small, and may be neglected in comparison with the total 
period of the combustion of a grain. 

We can then suppose that all the grains are ignited simultaneously, 
and it follows that the combustion of the whole charge would be 
represented by the same function as that of the combustion of each 
grain. We have then, very nearly, 


(21) . F(H=wy¢ (2). 


15. Zhe case in which the duration of ignition is very great with 
respect to the duration of the combustion of a grain. 

We suppose that @ is very great with respect to +, we then can 
only consider the value of F'(/) between the limits of + and @, that is 
to say, the second of the values (20), which for values of ¢ notably 
greater than r, reduces to the following : 


(22) F(t) = m¢ (¢). 


16. General form of the function F(t).—The functions ¢ and ¢ 
can in general be developed by McLaurin’s Theorem, following the 
powers of /; it follows then, from (21) and (22), the function / (¢) is of 
the form 


(23) F(t) = @ (at + df? + c#?+...), 


when the duration of ignition of the charge is very great or very 
small with respect to the duration of combustion of a grain. 

When these two periods are comparable the combustion operates in 
three distinct phases ; and it is easy to establish by the aid of formulas 
(19) and (20), that during the first phase, the function F (/) may be 
reduced to the form, 

(24) F(t) =m (at? + d¢°+...), 

f that is to say, it has its first term proportional to the square of the 
time, if each of the functions ¢ and ¢ have, following formula (23), their 
first term proportional to this variable. 





es Sur ra ae Toes 7m 
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It may be added that the same formula (24) may represent with a 
certain approximation the second phase of the combustion, because of 
the common value which has been shown to be true of the first and 
second derivatives of the two functions at the common point of disconti- 
nuity (No. 13), which are substituted the one for the other at this point. 

We observe, then, that we may, in this case, represent by a continu- 
ous formula of interpolation, the whole of the combustion of the charge. 

Resuming, one can readily include this formula of interpolation, 
as well as formulas (22) and (24), in the general form, 


(25) F (t) = wat (1 + 4t + pt? +...), 


¢ being an exponent equal in these limited cases to 1 or to 2, but 
the value of which we can leave undetermined in the calculations, it 
being safe to determine it later by the comparison of results obtained 
in theory and those of practice, in order to represent in the best pos- 
sible manner the effects produced. 

17. Some particular forms of the function which represents the com- 
bustion of the grain. 

We determine very easily the form of the function by supposing, 
with Piobert, that all the exterior parts of the surface of a grain are 
ignited at the same instant, and that the combustion is propagated with 
a constant velocity normal to the surfaces in ignition. 

We here restate the formulas for certain cases which we are to 
examine in the course of these researches.* 

ist. Spherical grains.—Denoting by r the radius of the grain, and 
by v the velocity of combustion, we have . 


¢(¢)=1 —(: — *y, 


or better, calling + the duration of the combustion of a grain, and 


observing that yor: 
(26) so=1-(—-F) 


*The hypothesis of the uniformity of the velocity of combustion is certainly 
not exact. Zero with the pressure (experiments of Bianchi), this velocity is a 
rapidly increasing function of the pressure of the medium in which the com- 
bustion takes place. It is conceivable, however, that we can give to it 
4pproximately a mean value, constant under certain conditions of the use of 
the powder, and may use this value in the application of formulas to guns when 
the circumstances of firing are but little different. 
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2d. Cylindrical grains.—Given 4 as the height of a grain and r the 
radius of its base, we find 


¢@)=1 —(: — ve ne — = 


I I a 4 2v° 
l, == eee: a 2 or 
(27) ¢Q=w(l+ 7) (+ % ete 
3d. Pierced cylindrical grains.—We suppose the grain to be- 
cylinder, radius of base 7, pierced at its axis by a small conce: s¢@ 
cylindrical canal of radius 7’, calling 4 the height, we have easily: 


aut 2ut 
$()=1-G— ’ G- ') 
em F\-7=a) 
, aM, a. a r as 4” : 
ly@=a(f+a)e h(r—r')** 


Formulas (26) can be applied to the normal conditions of practice; 
in fact, the grains, not sensibly spherical, approach nearly to a cubical 
form, but the formulas for spherical grains include those for a cubical 
form, and in general those of all grains of any polyhedral form that 
can be circumscribed by a sphere. With regard to formulas (27) 
and (28), they serve to study the effects produced by cylindrical 
grains, or pierced cylindrical grains (Russian prismatic powder) 
which have been used recently (1875) in guns of very large calibre. 

18. On the form of the function ¢ (t) which represents the ignition 
of the charge.—The function ¢ (¢) is an element whose determin 
tion offers great uncertainties. In order to find it, the hypothesisis 
generally made that the portion of the charge not in ignition retains 
at each instant the form which it had before the charge was ignited, 

This hypothesis is perhaps true at the beginning of combustion, 
because the projectile has not been sensibly displaced, but it is prob 
able that the charge is violently deformed by the pressure of the first 
gas produced, which acts unequally on the various points of ifs 
exterior surface. The grains which compose the charge are irregt- 
larly dispersed in the rapidly increasing space occupied by the pro 
ducts of combustion. 

There is then foundation for the thought that the effects produced, 
particularly in long-bored guns, nearly approach those which aft 
obtained if all the grains of the charge are ignited simultaneously. 

It may, however, happen, particularly when the charge is very 
large and when the grains are small, that the flame communicated 0 





PRBereSOekrrR ees 


SPATE AR 


? 


aB ¢ 


| 





Ss 





EFFECTS OF POWDER IN GUNS. 45 


the charge is propagated gradually and slowly traverses the small 
interstices which separate the grains. These grains, on the other 
hand, burn with rapidity, and the rear of the charge, entirely burned 
before the flame is communicated to the whole charge, carries for- 
ward the projectile and the rest of the charge, which burns in the 
bore, or perhaps it does not burn until after the projectile has left the 
bore. 

In order to evade these difficulties it is better to discard all hypo- 
theses and to represent the law of combustion by formula (25), 
resorting to experiment, if necessary, to show how the coefficients 
¢, @, 4, #.... depend upon the conditions of firing. 

19. On the form of the function I= F, (4), which represents the 
volume of the interstices of the portion of the charge in ignition. 

The general equation (12) of the motion of the projectile, includes, 
besides F'(/), another function of the time, designated by y, in the 
expression for z, (11), and which represents at any epoch of the 
combustion, the volume of the interstices of that portion of the 
charge which is in ignition at that epoch. 

This function can be at once obtained, since we know the function 
¢ (4) which expresses the fraction of the charge in ignition ; hence, let 

d=the gravimetric density of the charge, 
é=the density of the grain, 
wg (¢) = the weight of the ignited portion of the charge, 
wri) is the total volume, and 
mo(t) 
é 


I I . 
(29) n= (3 — +) ¢ (t). 


20. On the form of the function z in the case of instantaneous 
ignition. 

Since the conditions of firing are such that all the grains are 
simultaneously ignited, the first gas produced expands instantly 
through the interstices of the grains, and occupies, at the beginning, 
a volume equal to that of the powder chamber diminished by that of 
the grains. 

This volume should be equal to V,-+-y, from the value of z, (11), 
and is evidently 


is the volume of the grains. 


wm 
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If we put, then, for brevity, 


w 
(30) n=u— 
we have in this particular case, 
(31) z=2,+ 7,. 


21. It is to be remembered, finally, that if we call 4 the density of 
loading or the ratio of the weight of the charge to the volume of the 


powder chamber, we may write 
w 
4= “» 
Wu, 


a relation which permits us to put formula (30) in two forms, 


(32) a=u(1 — +) 
(33) = ~. (+ —+): 


These we shall frequently use in the course of our researches. 


CHAPTER III. 
APPROXIMATE INTEGRATION OF THE EQUATION OF MOTION (12), 


22. This equation is the following, 
au ,n—ifdu\*_ fy 
ao tot ttst(Sy=%. 
If we suppose that the duration of the inflammation is very small 
as compared with that of combustion, the function y is of the form, 


(35) yrwalt (1+ 4t+n? +... ), 
@m being the weight of the charge, and a, 4, » constants depending 
upon the form and physical properties of the grains. 

It may be shown that the method of integration need be slightly 
changed only in the general case when y is of the form (25), the ex 
ponent ¢ not being unity. In this case the function z, as well as the 
expression 

V=w(u-+- z), 
representing the volume occupied by the gas at any time, reduces 
(No, 20) to the expression 


(36) z=2,4+ 2, 
z, having the values (32) or (33). 
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_ 23 The integration will be much simplified by putting z=z,. 
This gives too small a value to the volume occupied by the gas, since 
it neglects the volume of the powder which has been burned. But 
the resulting’ error will not be great, because the quantity which is 
neglected is infinitely small at the origin of motion, and subsequently, 
as the projectile moves, becomes a very small fraction of the total 
volume. 

This simplification, without which the integration would perhaps 
be impossible, has then the result of giving too large a value to the 
pressure, and consequently to the acceleration of the projectile. 

Putting z= 2, in (34), replacing y by its value in (35), and writing 
for shortness, 


(37) ——=0, “—=K, 
it becomes, 


d*u du \?* . ; : 
(38) (+4) Fat o( - ) = Kt(1 + t+ pt? +...). 
This is the final equation which we have to integrate, having given 


De oa du 
the initial conditions, «=o, and i=? 


24. First approximation.—It has already been remarked that this 
expression does not appear to be integrable by ordinary methods. 
In attempting to represent it by a series arranged according to powers 
of ¢, the series is found to become rapidly divergent. 

We shall, however, obtain a sufficient approximation by the follow- 
ing method: put z,—=0 in (38), and call w, those of the integrals of 
the equation 


(39) wo 40 Gp) = Kea d+ p+ ...), 


which vanish with their first derivatives when ‘=o. 
The equation (39), corresponding to a ballistic problem in which the 
volume occupied by the gas is always too small by w2,, gives for any 


value of /, values on and consequently - and x greater than those 


, du, d*u, ‘ oe 
given by (38). Consequently ,, dt? qj? 2 superior limits of x, 
dug tt 

at’ an at? . 
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25. It is easy to show that the difference between w and ~, is always 
less than z,. We have from (38), 
2 
Ki(i+ut+.. )—0(4) 


——_— 


u+2— 





a's 
at* 

Putting in the second member of this equation x= z,, we substitute 
for a and me larger quantities, and consequently we diminish its 
value. Since, by (39), the second member becomes z,, we have 

u+ 2, > %,, 
and consequently, since #, >, 
(40) u, > u > U, — 2». 


. ' , 
It results that the ratio - approaches unity when, for increasing 
1 


values of ¢, « becomes greater as compared with z,. We may conse- 
quently take z, for the approximate expression of the displacement 
when this latter is considerably larger than 2,, which itself, by (32), is 
only a fraction of the length of the chamber. 

This condition is satisfied in small arms when the projectile is near 
the muzzle. In great guns the capacity of the powder chamLer can- 
not generally be considered as a very small fraction of the capacity of 
the bore. We shall see further on, how the solution may be modified 
so as to obtain a second approximation which appears to be sufficiently 
accurate for all purposes. 

We shall first establish some important properties of the function 
u,, defined by (39). It gives, it will be remembered, a first approx- 
imation to the solution in view. 

26. Jntegration of (39) by series.—The integral uw, of the auxiliary 
equation (39) may be expressed in a series of such rapid convergence 
that two or at most three terms suffice for purposes of application. 

To satisfy this equation put 


(41) 0, = At*(1 + bt + cf?+...), 


a, 6, c,. . . being constants to be determined. 
The equation becomes, after substitution, 


(42) [a(a—1) +00] A021 + PEF OF 4...J= 
Ki(i +t tpfit+...). 











EFFECTS OF POWDER IN GUNS. 49 


Writing, for shortness, 
2[a+(a-+1)] , 
P=" a-— iI “2 av b, 
(43) 4 ,__2(@+e+1)+24(44+2) A] c+ [a(a+1)+(a41) ad 
wa a ( —- 0 


we shall have an integral by nn 


(44) 2a—2—1, [4(a—1)+0°O]) 4=—K, 
P=ui, OF 
From the first two of these we have 
aac ion K 4 
(45) a= =| aI: 
The other equations will determine 4,c,... Replacing a by : 
we have 
®. +30 -°=" 
(46) | (38 + 429) ¢ L$ (15 + 250) 


3043") i 


whence we have me values, 


I 1+ 30 
6cz—- “A, 
2 3+ 3! 
(47) ae 0 1+ 30. | 


| 38+ 420 4 3+50" 

Substituting the values of a, A, 6,¢,... in (45) and (47) in (41), 
that expression becomes an integral of (39). Also, this integral and 
its derivative vanish when ¢=09; it satisfies therefore all the con- 
ditions imposed, and may serve in the evaluation of the integral we 
wish to determine. 

27. Expression of ¢ as an explicit function of u,—We derive 
from (41) the following expression for ¢, 


(48) t=(* \+2/( 4 \+o(% Res. 


/,9,... being coefficients which may be determined by en 


in (41) the value of ¢ (48), and equating like powers of 4 > We 
thus find 
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I 
p=—s 
(49) —— ae 
—_— + 2u? b ° 
ack 3 
and, replacing a by _ 
2 
——— $6 
—; 
(50) prise 


: , du ' , ; . 
28. Expression of a as a function of u,.—Taking the deriva- 


tive of wz, with reference to 4, we have 
(51) = = aAt*—* + (a+1) bAl* 4+ (a+ 2) cAettt+.,. 


and, replacing ¢ by its value in (48), we have 


‘ du, x oe 34 S = _t att 
(52) dt —=aAoeu, « + 2bu,+( 36 — me: BY) A au, a +,,, 


which, writing «= 3 » becomes, 

(53) a = : Ai ys aa 2bu, + ( 3¢— ; bata! Biecz 

where the values of A, 4, ¢c,... are to be taken from (45) and (47); 
K will be found in (37). 

We have thus a first approximation for the velocity in terms of the 
space passed over. 

29. Approximate expression for the temperature.—It will be of 
interest to find, in the degree of approximation adopted, the law by 
which the mean temperature of the products varies. It would always 
be 7, if the products were formed without performing external work; 
it varies in a gun because of the expansion and the progressive burn- 
ing of the powder. 

The absolute temperature 7 at any time is determined by (4), 


pV 
T= b 
and from (9) and (10), 
m (u -+- 2) =i 
(54) wheh wind olf 
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Now, in the approximation adopted, we neglect z in comparison with 
u, and replace « by %,. We have then 


4 


ty 
mu, FA 


Ry ad 

or, from the values of , and y in (41) and (35), and replacing a by S , 
r—3 A* 1+ 6d¢+... 

(55) —~4 Rwai+att+... 


be ie K 
We have also, from (45), 4°= 3 a 30) 


” 


Finally, noting the value of A in (37), and that /= R 7,(No. 4), 


this becomes 
aa 1+65¢+... 
(56) ‘Tce bee... 

The terms containing powers of ¢ higher than the first have been 
neglected, for shortness. By (47), 4, ¢,...may be expressed in 
terms of A, »,..., the coefficients of the function y, which represents 
the weight of powder burned. We may write then 

T= 52), 
7 (2) being a function which depends exclusively upon the law which 
governs the manner of combustion of the charge. It is clear that 
(56) does not represent the thermic state at the origin. From the 
approximation adopted to establish this formula, we see that it repre- 
sents a state towards which the real state tends as the displacement 
increases. 

30. If the combustion of the charge were uniform, (35) would 
reduce to its first term ; and we would have Ao, »=0,..., d==0, 
¢=0,..., and consequently 

7) 
~ 130 
This, then, is the limiting temperature, towards which the real temper- 
ature would approach in this case. In all cases, from the moment 
when the combustion is complete, the temperature varies according to 
the known law of adiabatic transformations. 

31. Second approximation.—We shall now see how we may, in 
guns in which the powder chamber is not a very small fraction of the 
bore, obtain a more exact formula for the muzzle velocity than that 
which results from (53). 


if i 
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We derive from (38) 
0( Gp) =A batt. ta) Ge 
. Ss oe F = ~~ — 
Replacing « by z, in the second member, we diminish its value; we 


have therefore, 
da 2 . , 2 
S) >Kt(r-dt+...)—(a+%) “ , 
that is, from (39) which x, satisfies, 
du du, a*u, 
a) sie © t)- "#* 


Consequently, if we determine v by the expression 


™ =(4)- 2 z on 
a 7 


‘i Ps 
we shall get too small a value. Writing ns = v,, we have 
2 dv, 
0 dt’ 
and, supposing the second term small compared with the first, we 
have the approximate value 


v == vw — 


4 a dv; 

t _—" ae 

We have also, 

il dv, _ dv, du, _ dv, _ 
f dt du, dt _ 
ti consequently ee 2, dv, 

4 — |) a ak 


=X. 


Substituting for v, its value in (53), we have 
A a a eS Zy 
(59) v= A wi(1 - a) 26 (aa — =.) 
IT 5, Pg 5 ft) 
+(s- 6 oA m(1— 5-2) 4... 


This value of v is too small; we may make an approximate correc- 
tion in replacing #, by « +-z,, which is a ome limit. This gives 


iF teal 


= — =— 


et aa 
yes — 


ee 
s—SE sy 


6) om dwt oh — Sats 
en ee x) +. ee 


In its applications, we shall only use two terms of this equation, 
and shall neglect z, in the second term, which is generally only a 


=F = 


a 
—. 
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small fraction of the first. The formula for initial velocity then 
becomes 


v= 5 3. 4s (u + z,)° iG ah waez,) t 2m 


3 33 
=> A* u? e, + 25, 


or 
(61) 
by putting 


(62) .=(1 + = iG — 60 SEE} 


We have also, developing in powers of C -), 


(63) «=! —(@- =) 2 = +( 4 ac - ho 2) =) +... 


32. We might be led to neglect, in the above value of ¢,, the terms 
containing 2; and those following, as has been done in substituting the 
approximate value (58) for the value of vin (57). But the value of 


aQ 


e, would then be too small in guns where the ratio 4 has a large 


value. 

We shall satisfy, however, experimental facts if we use (63) and the 
approximation of (58). It appears that the agreement of theory and 
practice requires that, in place of (57) where the value of v is too 
small, we should use (58), which is greater than the exact square root. 

33. Formule of initial velocities—It only remains, to obtain our 
final formula, to substitute in (61), for A and 4, their values, (45) and 
(47). Putting then, 


. aot Se tee 
(64) pu(-235) ; O= oe 
it becomes : 

(6s) _ p(/ wot Vb + Oi; 
where 


J is the force of the powder, 

@ the weight of the charge, 

m the mass of the projectile, 

u the space passed over by the projectile, 

@, 4, are defined by the relation, y= wat (1 + 44 +....), which repre- 
sents the weight of powder burned after the time ¢. 

& is given by (63), 

2, is given by (32), 
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u, being the reduced length of the chamber, 
4 the density of loading, 

é the density of the grains, 

P and Q are given by (64), and 


Bw I ° ° 2 
az ae @ being the ratio of the two specific heats of the products 


of combustion. 

34. Jnfluence of the mode of combustion.—F or each particular mode 
of combustion there is a corresponding form of (35), and consequently 
system of values of a, 2, . . ., which we have only to substitute in 
(65) to derive the theoretical results. We shall return to this subject, 
only examining now the case in which the grain is a sphere, or a 
polyhedron in which a sphere may be inscribed. 

35. Case of spherical grains——When the grain is a sphere, or a 
polyhedron which may be inscribed in a sphere, the combustion is 
represented by the formula 


mt f "i 
z= (:— t bd =) 


t being the time of burning of a grain. We have consequently 


t I I 
(66) ecs—, _ AS——, sa=-—;? 
° 3 t 3° 
and the various formulz deduced in this chapter are reduced to the 


following : 
1st. Coefficients 6,c,... of «,. The coefficients (47) of the series 
(41) become 


ro 1 1+3° 1 
7. #399 °° 
7) } 2. See. Pee 


( 8 194210 3459 2 

These values are also necessary to calculate the coefficients of the 
series (50) and (53). 

2d. Formula of velocity.—In this case, (65) becomes 

oe. S@u\ | “u. 
al P( mr ) a~F rc 
it is this form that we shall frequently apply in our researches. 

But before discussing the results which we have obtained, and 
examining how far they are in accord with experimental facts, it is 
necessary to correct them for the cooling effect of the walls of the 
gun. The next chapter will be devoted to this point. 
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CHAPTER IV. 


On THE EFFECT OF THE COOLING OF THE POWDER GASES BY 
THE INTERIOR WALL OF THE GUN. 


36. Hitherto, works on interior ballistics have not taken into 
account, to our knowledge, the effects of the cooling of the powder 
gases by the walls of the bore (1875). This cooling cannot be 
neglected; in fact, M. de Saint Robert shows experimentally, that by 
firing a gun the heat absorbed by the piece is a very notable fraction, 
a fourth for example, of the heat developed by the combustion of the 
charge. 

It is then ‘nexact to suppose that the total heat of combustion is 
transformed into work, and we shall proceed to show how we must, 
in consequence, modify the general equation for the movement of the 
projectile which we have established in the first chapter. 

37. The fundamental relation of this analysis is equation (2), which 
is applied, during an infinitely small period of the expansion, to the 
thermodynamic transformation of the gases already formed. It 
expresses that the heat dg absorbed by these gases is equivalent to 
the alteration of their sensible heat, increased by the exterior work 
accomplished. When there is no heat lost the quantity dg is equal 
to the heat set free by the gaseous products during the infinitely small 
period d# of the transformation. It is then given by formula (1). 

But if the walls of the bore absorb heat, it becomes necessary to 
deduce from (1) the quantity absorbed. 

This quantity may be represented by hedé, « being the enveloping 
surface of the volume occupied by the gas, and 4 the velocity of flow- 
ing of the heat for a unit of surface of the walls of the bore. The fol- 
lowing value then foll-ws: 

(69) dg==ce( 7, —T)dy—hedl, 


which should be substituted for formula (1), and equation (2) then 


becomes 

ai oF. ., a& 
(70) c(7,— Tl) dy — heodt=cy.dT +- gE 
and integrating, since ‘=o, we obtain the equation : 


(5 t 
(71) B= In 1) — f heat, 


which takes the place of equation (3). 
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38. Introducing in (71) the pressure f and the volume V of the gas, 
we obtain the new equation: 


t 
(72) AVA (n— C= fy——— haat, 


which corresponds to equation (7) of the first chapter. 
We now show how the equation of the movement of the projectile 
is deduced. 


The surface ¢ is the total surface of a cylinder having for a height 
the distance u-+-u, of the projectile from the bottom of the bore. 
The surfaces of the two bases of this cylinder may be neglected, 
especially in the case of very long guns, in which the cooling of the gas 
has most influence ; calling 27 the diameter of bore or the calibre of 
the gun, we have: 
o=277(u-+%,), 
or more simply 
o=2rru, 


in cases in which the capacity of the bore is great with respect to that 
of the chamber. 

The coefficient / is a function of the excess of the temperature of the 
gases over that of the wall of the bore. It varies also with the move- 
ment of the projectile, but we can substitute for it a constant approxi- 
mate mean value, consequently equation (72) should be: 


bd 


pot+(xn—DNC=f— art udt, 


and it suffices to operate as in No. 5 to obtain the equation of 
the movement of the projectile. 


39. By putting as heretofore =— =8@, and observing that 
R 


c 
7, and g the temperature and the heat of combustion of the powder, 


and / the force of the powder, we have f= RX 7, and g==< 7), so that 
R 


= f » g being heat of combustion of the powder ; in fact, calling 


= ; 
_, au oS azrhf f* 
(73) (% + 2) de + o( dt )= m qm Jf vat 


In order to integrate this equation (73) we will neglect z, following 
the method of approximation of No. 23 we will obtain also, corrected 
by taking account of the cooling, the auxiliary integral designated by 
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u,, and we will afterwards deduce by the formulas of No. 30 the definite 
integral of the problem. 

The equation (73) contains the unknown function w under the inte- 
gral sign. In order to evade this difficulty, it would suffice to differ- 
entiate with respect to ¢, which would give a differential equation of the 
third order; but it is more simple to operate by successive approxi- 
mation and to integrate (73) after having replaced w under the integral 
sign by the value ,, which may be integrated because we neglect the 
additional term. 

We have then to integrate the equation 


; oS u du fy _2xrhf [* 
(74) +o(4 =e qm fiva 


in which the second term of the second member is still an unknown 


function. 


40. In order to find the new integral we put 
@*u__ d*u, a’ u, 
u = U, + Us, do a + 7 


Substituting and reducing, 


aoe a’ u, d* u, 4o ls au, ae, au, 
Age Tap ‘+a (Sa 4a (4 i) + dt dt 
du, 27 
+o( ie on ee, arnt 
gm ° 


° ° o Ue 
Neglecting the square of ge and the product of #, and qe’ and 


recollecting the condition 


os a me de 
“1 dt 


we obtain the equation 


d*u au, du, , d@°u, _— 2xrhf 
(75) a, dt* * at 2¢ < rs at * + dt? ul, — —_ dl 


qm J, 
which is linear with respect to : and its derivatives. 
This equation is easily integrated when we limit the value of x, to 
the first term of its development, (41). We have then 


(76) . u, = At}, 
A having the value (45), and equation (75) becomes 
2 ps 3. 2 2nrhf 
2 ——*. 3, 
7) at* ear 5 gm , 
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We obtain an integral which vanishes with its derivative, for /=o, 
by putting 


i. xrh 
wl (78) iin ee g 
| gm 
AY B being determined by the condition: 
hay 3 2 
en —_ of : — , 
ie B(6 P ++) 5 
) " whence 
a } (79) B 8 I 
i} - 7 =—.- . 
iM ” 45 3+4? 
Consequently the integral of equation (74) is: 
xrh 
(80) u==u,—B.7 4) A 
qm 


This is the function which must be substituted for «, in formula (57) 
in order to obtain the velocity of the projectile. 
41. Also, in formula (58) we should add to »v, the corrective term: 
v,—=—— 3B. ret p 
gm 
which perhaps can be better expressed as a function of the space 





. u, \3 
passed over, as in the case of v,. We have from —_" 1=( 4 ) and 


it follows that penis B.2 rhf - 
iat B. gm 
Replacing A by its value (45) and abt AR the value (37) of &;, 


we have 


’.=—=— 


axrhf f m ») { 
ee ~%, > 

; qm \/@a 

by putting for brevity 


. 24 f 3\# (1+ 39) 
(81) p 4 (2) . 
45\4/ 3+4? 


Finally, by replacing ~, by the quantity u, the space passed over, 
which differs from «, by a quantity less than z,, we have : 


27 R= ( m al. 
V%,——— Kk. . 
qm fwa 


42. It follows, from what precedes, that formula (65) for velocities 
should be replaced by oe formula : 
Lene Rp2rht m \*% 4 
82 = —R., =| — 
(82) e=f + Ohu gm \ fora u 


We can then hae the first and third terms after having multi- 
piied the latter by ¢, which alters its value very little, and which is 
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generally of little importance compared to that of the first term. We 


have thus: 
” fawu ‘(G- R arrhu\ _ 
mm P gaw }* 


If then we put: 


= !t2 t- 30 
4 
(83) P ~ 45 3+40' 
+e ah 27ru 

(84) a, ae oa" 
we have definitely : 
Jamu} ’ 
(85) z =P(: — Yfeuee+ OQhu. 


43. The value (84) of the correction «, relating to the cooling shows 
that it decreases for the same powder, characterized by the given 
values of c, /, a, according as the quantity = ~ increases. The effect 
of the cooling is, consequently, greatest when the weight of the charge 
bears a small ratio to the interior surface of the bore, a result not diffi- 
cult of proof. This effect is also modified by the law of the combus- 
tion of the charge. We suppose, for example, that the grains are 
nearly spherical in form. The coefficient a is then equal to 3 »t being 
the total period of combustion, and we have 
(36) anions ah _2nrur , 

39 aaa 
‘It follows, then, other conditions being equal, the effect of cooling is 
the less according as the combustion of the powder is the more rapid. 

44. Formula (86) includes the specific coefficient which represents 
the velocity with which the absorption of heat is effected for a unit of 
surface of the bore. We have no experimental data at this time 
(1875) which gives the value of this coefficient in the extreme condi- 
tions of temperature realized in the bore of a gun. We will attempt at 
the time of numerical application of the formula to deduce its value 
from the discussion of observed velocities. 

We will confine ourselves, at this time, to the observation that its 
value probably varies in the same sense as the calorific conductibility 
of the metal in the gun, and it is fair to suppose, for example, that it 
is greater for bronze than for iron or steel. 

Formula (85) constitutes the definite result of these researches. We 
will perhaps examine in subsequent chapters how it may be applied 
to some of the -nore important cases of practice. 
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CHAPTER V. 


APPLICATIONS AND NUMERICAL VERIFICATIONS. 


45- We shall show in this chapter the methods which, it appears, 
will lead most exactly to the verification of the formula for velocities 
which has been obtained. 

Resuming this formula, referring to Nos. 32 and 40 for the meaning 
of the letters which it contains, 


(87) 4S Olu, 


e, and «, being determined by the relations 


(88) a=1—-(S- -)4 +(Z- 180 yk te 


(99) e221 ah 2nrU 
— 


ga @ 
46. This system of formulz depends, firstly, upon four character- 
istic elements of the powder used; namely, /, a, 4, @. The first is the 
force of the powder, a and 4 depend upon the mode of combustion of 


‘ n—t. : ’ 
the charge, and @ is equal ee being the ratio of the two specific 


heats of the products of combustion. 

Secondly, the corrective coefficient ¢, contains a coefficient 4 whose 
value @ priori is unknown. We have then in all five unknown 
constants. 

47. Determination of 0.—We may fix upon a value of @ which, 
within the narrow limits of change as to proportions and physical 
properties to be found in ordinary powders, will not be far from the 
truth. 

We shall use for this the formula 


2 
gg I 
(90) 3° 


(see Part I, Chapter II, No. 17). This formula gives x for any 
powder, when the weight of permanent gas of a kilogram of it (¢) has 
been determined by experiment. 

We have made this determination for the various powders used 
in France; and it results from our determinations* that the values of 


* Sur la chaleur de combustion des mati¢res explosives, par MM. Roux et 
Sarrau (Comptes-rendus de [ Academie des Sciences, 14 juillet, 1873). 
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sare respectively 412 and 414, say 413 as a mean value, for cannon 
powder, and small arm powder cailed B; that is to say, for two types 
which will probably include all war powders. 
To this value of « corresponds the value 
a—I—=.4 X .413—.1652, 
and consequently, 
n—TI 


I 
‘= = .0826, or about 
2 12 


Such would be a friorz, and independently of any ballistic results, 
the value we would give @. But it has been found that the formulz 
represent observed facts better by changing this value slightly, and 


taking 
I 
(91) =F 


We shall use this value in all the calculations which follow, and we 
find from it the value of ¢, in the form, 


(92) -oee~ 3 of +2(4 -). 


Consequently, the numerical values of P and QO, which depend upon 
@, are found to be from (64), 
(93) P=1.5234, O=.3684. 

48. This determination, whose exactness will be further confirmed 
in the sequel, being made, we shall show how the formula may be 
tested by means of initial velocities taken in varying conditions, but 
with the same powder. 

Putting then, 

nah 


(94) Seige Oa =y;, 


a 
a 

—_aw js, 
u 2 


the formula we wish to verify is the sii 


= A( ores e,— Bu, 


¢, and ¢, having the values 
10 

| q.=1— : x+ 
(96) , ? 

| ane 2ru 

L a 
and we should be able, if the formula is exact, to determine a system 
of values for A, B, and 7 such that they will give correct velocities 
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when we vary ®, «, m,. . ., upon which they depend, through large 
limits. 

49. Experiments which have been used in the verification of the 
Jormulea.—W e have used the velocities given by the naval artillery 
commission, in the numerous series of experiments, with various con- 
ditions of loading, carried out by them at Gavre with guns of the 
model of 1870. 

The total number of measured results which have been used in the 
determination of the coefficients is 24; they were all taken from the 
official publication in the Memorial, and are cited in the recapitulative 
table which follows. 

50. Description of the powder used.—lIn all these experiments, 
Wetteren powder, of grains of 13 to 16 millimeters, was used. The 
proportions are the standard ones for war powder : 


Saltpetre, 75; sulphur, 12.5; charcoal, 12.5. 


Process of fabrication, tonnes ef meules; number of grains to the ° 
kilogram, about 350. Density of grain, about 1.800. 

The obligation which we have been under, of using samples of 
powder from various sources not having absolutely the same ballistic 
value, has necessarily caused some variations in the results. 


(1) (2) (3) (4) (s) © @ 


Name of Gun. ar “ ue p Fea] A Fa 

Met. Met. Mer, Kil, Kil. Met. 
24 cent., model 1870, No. 24, 0.242 3-445 .763 144. 12. 0.342 253.3 
16. 0.456 306.6 


20. 0.570 350.2 
24. 0.684 393.2 
28. 0.798 4320 
24 cent., model 1870, No. 24, 0.242 3.445 .763 120. 12. 0.342 2730 
16. 0.456 332.3 
20. 0.570 379.5 
24. 0.0384 427.2 
28. 0.798 467.4 
24 cent., model 1870, No. 24, 0.242 3-445 .763 96. 12. 0.342 300.1 
16. 0.456 3630 
20. 0.570 4206 
24. 0.684 4692 
28. 0.798 512.5 
14cent.,model 1870, No. 1, 0.140 2.761 0.205 18.65 2.0 0.637 3220 
2.5 0797 3729 
3.0 0.956 4196 








i ae a i ee ee od 
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(r) (2) (3) (4) (5) (6) (7) 
Name of Gun. ar u My p ™ A v 
Met. Met. Met, Kil. Kil. Met. 


14.cent., model 1870, No. 4, 0.140 2.731 0.239 18.65 2.5 0.684 362.0 
3.0 0.820 404.6 
3:5 9-957 444.0 
14cent., model 1870, No. 2, 0.140 2.697 0.273 18.65 3.0 0.719 391.9 
3-5 0.838 431.2 


, 4.0 0.958 472.0 
51. Legend of the table: 


ar is diameter of the bore; 
u initial distance of the base of the projectile from the muzzle ; 
u, reduced length of the powder chamber, or length of a cylinder of 
equal volume having the right section of the bore as base ; 
p the weight of the projectile ; 
@ the weight of the charge ; 
4 the density of loading, or ratio of the weight in kilograms of the 
charge to the volume in cubic decimeters of the charge ; 
v the initial velocity. 
52. Order followed in the determination of the constants.—We shall 
determine the constants in the following order: 
1st. B from observed velocities in the 24 cent. gun with different 
weights of projectiles. 
2d. The coefficient of cooling 7 from the nine velocities of the three 
guns of 14 cent. 
3d. A from all the measured velocities. 
53. Determination of B.—I\f we suppose that the mass of the pro- 
jectile m is the only variable, the velocity is a function of it of the form 


v=ax—Bb, 
a 2 , 
putting -; =x. To determine 46 we must have then two corres- 
ms 


ponding values of v and m. From the two equations, 
v, = ax,—, 
V,—=ax,— 5, 


we have ,— 2 
= 


— aa ’ 
and 6 may then be found from either of the preceding equations. 

But the use of two observations only would not give clase accuracy, 
for the variations of the weight of the projectile are small. It results, 
therefore, that the denominator of a is generally very small, which in- 
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creases an error in the numerator. It therefore becomes necessary to 

use a larger number of observations. We have proceeded as follows: 
For the same charge of powder, and consequently for the same 

value of a, let Vs, Us, Vey 

be three velocities corresponding to three values of the mass of the 


projectile. Let the corresponding values of (<y be 21, %:, S. 
We have then the equations, 
(1) v,=ax,—é, 
(2) v=ax,—Qé, 
(3) v=ax,—é, 
From (1) and (2), and (2) and (3), we find two approximate values 
a,, and a,, of a; and we adopt the mean value 


__ Gat as 
—_ , 
2 


a 


and from this find for 4 the three nearly identical values, 


6, 4ax,—2,, 
6, ax,-—72, 
6, ax,—7s, 


and take the mean of these. Operating in this manner with the 
velocities of the gun of 24 cent. with the same charge of powder, the 
following table of corresponding values of @, a, 4, is formed: 


wm a é 
Kil. 

28 1.365 125.4 
24 1.291 133-9 
20 1.166 123.8 


The mean of the values of 4 is 127.7. Consequently, since = Au, 
and the value of « for the 24 cent. gun is 3.445, we have 


(97) B= 37.07 


54. Determination of y.—The determination of 2 being made by 
the 24 cent. gun, which alone was fired with sufficient variation in the 
weight of the projectile ; 7 was calculated from the measured veloci- 
ties with the 14 cent. gun, where the influence of the cooling was 
relatively greater. 

To this end, values were calculated for the three guns. 
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rst. For Bu, which were respectively, 


ae i ss se © 8 « wa te ate. ee eee 
NO.4, - + 2 © © © © © © © 6 co to 68S 
i - .« + 6 + a © ee S * 6 oe ee 


2d. The quantities W, obtained by adding the measured veloci- 
ties to the corresponding values of Bu. These will be found in the 
following table : 


wm No.1 No. 4. No. 2. 
Kil. 

2.0 424.3 

2.5 475.2 463.2 

3.0 521.9 505.8 491.9 
3-5 545-2 531.2 
4. 572.0 


W j :; , ; 
3d. The values of — (=) , which represent, by formula (95), 
“"_ 


the product of the constant 4 by the corrective coefficient «,. The 
following gives the results : 


w 

Kil. No. rt. No. 4. No. 2. 
2.0 319.7 

2.5 329.4 328.2 

3.0 336.8 334.0 332.6 
35 338-5 337-7 
4.0 344-3 


The last table gives rise to an important remark, The figures on 
the same horizontal line are very nearly equal; in the one above, 
however, this is not the case, in consequence of the fact that, though 
the charge was the same, the values of the length of the charge and 
the density of loading were different. 

It results from this that the factor ¢,, which takes account of these 
variations, represents exactly the influence which they have upon the 
velocity. 

The differences in the same vertical column may therefore be sup- 
posed due to the cooling, whose effect would therefore be consider- 
able in the gun of 14 cent. We see, also, that these differences are less 
with large charges, as should be the case: in fact, if we suppose that 
the figures of the table may be represented by the product .4:., 
A being a constant, and =<, a function of the form 
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we have found that by taking 


the quotients of the figures of the table by the corresponding values 
This results from an examination of the 
following table, which contains the nine quotients giving as many 


of «, are sensibly constant. 


27u 
&=—I-—/y - ’ 
70.65, 


approximate values of A: 


wm 
Kil. 
2.0 
2.5 
3.0 
35 
4.0 


Means 


55. Determination of A.—The three values of A determined from 
the velocities of the gun of 14 cent. agree very closely. 
tant to see whether we obtain an identical value, or a very nearly 
equal one, by applying the same operations to the 15 velocities taken 





No, 1. No. 4. 

365.7 

366.1 364.5 

367.5 364.1 
364.3 

366.4 364-3 


with the 24 cent. gun. 


Consequently, the value of Bu, about 127.7, has been added to 
1 
these, and the results W multiplied by - - (=): using, for the 


calculation of ¢,, the coefficient 7 = 0.65, already found. 
These products, which give corresponding values of A, are entered 


in the following table: 


Weight of 
Charge @; Kil. 


Means 


The general mean, 367.0, differs very little from the values obtained 
with the 14 cent. gun. 


12 
16 
20 
24 
28 

























No, 2. 


362.2 
363.2 
366.8 


364.1 


It is impor- 








Projectile, 
rr Kil, 120 Kil, 96 Kil, 
368.0 364.3 367.7 
369.3 368.1 364.5 
367.1 306.7 368.0 
367.3 368.2 367-7 
366.0 366.3 365.8 
367.5 366.7 366.7 
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For A, we have then a series of four values: 
24 cent. gun, No. 24, . . . . 367.0 
M.” = i « <€ » 2.2 
_—* ~~ * & es a ss. Se 
ie oo «oe 
whose mean is 
(98) A= 365.5 
56. Resumé and formula for the Wetteren powder (grains of 13 
to 16 mill.).—We have then, for the powder used, the following 
coefficients : 


A= 365.5 
B= 37: O07 
¥= 0.65 
whence the final formula, 
TU 
(99) V= 365 5.5( 2) 1©3— 37.07%. 
and 
10 
fpr — ey 
Uy 4N\ 
(100) )r=S(1— 74): 
2ru 
&,—= I— 0.65 





In the following table will be found a number of velocities calcu- 
lated by this formula, together with the observed velocities. The 
table comprises, besides the 25 velocities which were used in the deter- 
mination of the constants, the calculated and measured velocities in 
35 other cases ; namely, 

Ist. 18 with the gun of 14 cent. of various lengths, and various 
charges and projectiles ; 

ad. 7 of the 19 cent. gun with various charges and projectiles ; 

3d. 5 with the 24 cent. gun (No. 24) with cylindrical projectile of 
144 kilos ; 

4th. 5 with the steel 24 cent. gun. 

The observed velocities were all taken from the M/emoria/l. There 
are in all 16 different conditions of fire, and the mean error of the 
calculated velocities is 2.8 meters. 








57- Table giving calculated and corresponding measured velocities: 





(x) (2) (3) (4) (s) (6) (7) 
Velocities 
Measured. Calculated 
77 M p 7m 
Name of Gun. Sesser. Meters. Meters. Kilos. Kilos. Meters. Meters, 


Differ. 
ences, 
0.637 322.0 322.0 9 
9.797 372 3729 0 
0.956 419.6 417.0 + 26 
0.684 362.0 363.5 — Ls 
0.820 404.6 406.8 — 23 
0.957 444.0 446.1 — a4 
0.719 391-9 396.6 — 
0.838 431.2 434.9 — 
0.958 472.0 470.3 + 
0.719 387-9 3931 — 
0.838 426.6 430.5 — 
0.955 466.6 465.4 + 
0.719 383-5 388.7 — 52 
+ 
+ 


14 cent. model 1870, ) 14° 2.761 0.205 18.65 


No. 1. 

14 cent. model 1870, } %!4° 2:73" 0.239 18.65 
No. 4. 

14 cent. model 1870, | °'4° 2.697 0.273 18.65 
No. 2. 


14 cent. model 1870, | %'4° 2.$60 0.273 18.65 


No. 1, transformé. 
14 cent. model 1870, ) %'4° 2420 0.273 18.65 


No. 1, transformé. 0.838 424.0 425.4 


0-958 462.9 4505 
0.719 378.4 383.8 
0.838 413-7 419.6 
0.958 455-3 453-2 
0.719 375-9 378.1 
0.838 414.6 413.3 + 13 


14 cent. model 1870, ) °"4° 2.281 0.273 18.65 


No. 1, transformé, 


0.140 2.143 0.273 18.65 


SREPEY SEY SOW SHOW YOWnWnn 
“OOM OMO OMO OWNOMNON OMe 


14 cent. model 1870, 
No. 1, transformé. 





4-0 0.958 456.2 446.1 +101 

0.140 2.697 0.273 20.9 3.0 0.719 378.8 378.1 + o7 

. yoo $5 O88 S46 figo ~ a 

a > 4.0 0.938 447-4 449.0 — 16 
-697 0.273 23 3 , 66.1 361.1 + 

t. model 18 0.140 2.697 0.273 23-3 30 2719 3 3 $0 

a es 3-§ 0818 400.5 396.7 + 38 

4.0 0.938 428.0 429.5 — Lf 

“oo. model 1870, cas = —- a + FY 

‘ates 15.0 0.991 492.2 498.4 — 62 

3-002 0.512 76.0 12.5 0.826 411.8 411.2 + ob 

19 cent. model 1870, 13-5 0.892 428.7 431.0 — 23 

No. 1. 14.5 0.958 446.4 4504 — 40 

15.0 0.991 453-5 4599 — 64 

0.242 3-445 0.763 sae — 0-342 253-3 250.9 t 24 

ogival 16.0 0.456 306.6 302.3 + 43 

— mode! 1570, 20.0 0.570 350.2 348.3 + 19 

a 24.0 0.684 3932 390.0 + 24 

28.0 0.798 432.0 431.4 + @ 


3-445 0.763 144. 12 0.342 253-9 250.9 + 30 

cylindr, 16. 0.456 303-4 302.3 + Ml 
20. 0.570 350.0 348.3 + 17 
24. 0.684 390.5 3909 — OF 
28. 0.798 428.8 431.4 — 2 
3445 0.763 120. 12. 0.342 273.0 274.6 — I 
16. 0.456 332.3 3293 + } 


° 


24 cent. model 1870, 
No. 24. 


| 
| 
| 
| 
| 
| 
| 
| 
: 
| 
| 
2 
5 
| 





—— 1870, 20. 0.570 379.5 378.1 + M4 
eT 24. 0.084 427.2 4234 + # 

28. 0.798 467.4 466.5 + 0% 

0.242 3.445 0.763 96. 12. 0.342 300.1 3056 - 5} 

: ae 16. 0.456 363.0 364.6 — 1 

a model 1870, 20. 0.570 420.6 417.2 +H 
ee 24. 0.684 469.2 465.9 + 3) 

J 28. 0.798 512.5 512.4 + 

0.242 4.036 0.796 144. 12. 0.333 262.7 2634 — @ 

cylindr. 16, 0.444 312.3 3145 — a 

ail 


24 cent. (steel), No. 1 20. 0.556 360.4 3631 
24. 0.667 396.6 407.7 —t 
J 28. 0.778 434.9 449.38 —M# 
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58. Force and time of combustion.—Suppose that the grains of a 
charge may, on the average, be considered spheres; then (68) be- 
comes applicable, and the cofficients 4 and B become 


(101) A=3'P(Z)\ B= £ ; 


and the numerical values of A and # having been already determined, 
we may find / and - by the relations 


- 


’ A™S$ 
(102) =, f=H$ ° 


Taking A = 365.5, 2 = 37.07, with the values of Pand QO from (93) 

we have ; 
7=0,00994, / = 45800. 

These values are only a first approximation; and, although the 
question has no great practical importance, we shall find a closer ap- 
proximation by taking account of the third term of (53). 

59. Influence of the third teri. cf the formula for velocities.—The 


term is as follows: 
(s— 3 eA ta. 


Replacing ¢ and 6 by their values (67), 4 by its value (45), and 
taking 6 = - » we find 


mi fui 
tg —#(75) (5) 
R being equal to about .o5. 


The following table contains the calculation of this term for the 
various cases with the 14 cent. gun: 


m No, 1 No. 4 No, 2 

Kil. 

2.0 15.6 

2.5 14.4 14.2 

3-0 13.6 13.4 13.1 

3.5 12.7 12.5 

4.0 11.9 

For the 24 cent. gun (projectile of 144 kilos), with charges of 
12, 16, 20, 24, 28 kilos, 
we find 

18.5 19.5 20.7 22.3 24.6 


These values cannot be neglected, but their variations in the same 


gun may be nearly ; because, in practice, the ratio P of the weight 
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of the projectile to that of the charge varies very little, and we may 
therefore replace it by a mear value. 


p 


Taking, for example, 


= 4.5, and calculating the corresponding 


m ; 
value of = a» We reduce the third term to the value, 


ae (=Y 
R being equal to .00108. 

60. Corrected values of f and = for Wetteren powder.—Conse- 
quently, for spherical grains, writing the third term, the formula for 
velocity becomes, 

wu} u u\} 
(104) v=A act Yun e —R(+);; 
the relation Qu = Bu, which previously was used in calculating r, is 
now replaced by 
Ou u\§ 
(105) Bu=~—-+R\— })- 

For the 24 cent. gun we have found Bu= 127.7. Substituting in 

the preceding equation, we find, by successive approximations, 
t= 0.0116, (= 53600. 


61. This constant / is the force of the powder, that is to say the 
pressure on unit surface when unit weight is burned in unit volume. 
We have given (Part I, Chapter II, No. 17) a theoretical determin- 
ation of this quantity. We have: 


(106) f=— EQ, 
where 

E is the mechanical equivalent of heat ; 

O the heat of combustion ; 

¢ the weight of permanent gas given by the combustion of unit 
weight of powder. 

In the place cited, the forces of the various powders made in 
France are given, and, having stated (what is confirmed by experi- 
ment) that these forces are about the same, notwithstanding the 
differences in proportions and in manufacture, we concluded that the 
mean value of this element may be fixed at 5290 atmospheres fora 
kilogram detonating in a liter. Taking the kilogram and meter for 


units, this corresponds to 
J = 54600 ; 











it 
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this value does not sensibly differ from the one which results from an 
analysis of observed facts with guns. 

This close agreement is worthy of attention; it will perhaps be 
considered sufficiently close to be accepted as showing that ballistic 
results, far from being in contradiction to thermodynamic theory, give 
additional strength to that theory. 

62. Determination of the velocity of cooling —The meaning of the 
coefficient 7, which has been found equal to 0.65, is given by (93), 


__ xah 
a 
a having the value in (83). For spherical grains, a= 3 » and con- 
sequently ee OTH 
39 
We have then ,— 3 


Tat 


for the velocity of cooling by the walls of the gun corresponding to 
the mean temperature of the powder gas. We have 


tT =0.0116, g 784," 
a4=0.10,t ¥ =0.65, 
and hence 4 = 420000 about. 


This is the flow, in calories, per second per square meter. 

This number is very large; but it does not seem inadmissible 
when we recollect the high temperature of the gas, and the physical 
laws which govern the cooling. 

Although there are no experiments which would enable us to fix 
with precision the thermic changes, we may yet obtain an approxi- 
mate idea by applying Dulong and Petit’s law to recent experimental 
results, and particularly to those obtained by Mr. Donald McFarlane, 
jn a series of researches intended to establish the cenductibility of 
bodies in absolute units. He measured, in calories, and for unit sur- 
face, the velocity of cooling of a copper sphere in damp air. Twelve 
determinations were made, for increments of 5°, from 5 to 60 degrees 
centigrade. 


*This number is the mean of those determined by experiment for cannon 
powder, and powder called B (See Part I, Chapter II, No. 18). 

t This value results from (83), by putting a = 7. 

Proceedings of the Royal Society, Vol. XX, p. 90. 
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These limits are narrow; but if we admit, following Dulong and 
Petit, that the velocity of cooling corresponding to a difference @ of 
temperature is represented by a formula of the form 


h= M(a®—1), 


( M being a constant depending upon the circumstances of the cooling, 
and a a constant always equal to 1.0077), we may determine J/ from 
the results quoted. 

Taking for units the meter and second, they are very well repre- 
sented by the formula 

k= 241 (a®—1), 
which may be taken as 

h= 2410", 
when @ is large. 

In these conditions, if = 973, the value of 4 becomes the same as 
has been found. 

63. It is important also to notice that, when @ varies, the corres- 
ponding variations of # are large. Consequently, the mean value 
used in the approximate evaluation of the effect of cooling in a gun 
should vary with the mean temperature produced in the gun, We 
have taken it the same in guns of different caliber, because the con- 
ditions of fire do not differ much, and because this element appears 
only in a relatively small term. 

On the contrary, in small arms, the surface of cooling is relatively 
much larger than in great guns; and the temperature must therefore 
be lowered more. Consequently, the value of 4 in this case may be 
much smaller ; and it should be made the object of experiment. 

64. We conclude, from what precedes, that the formula deduced 
from thermodynamic theories, represent the actual effects of powder 
more accurately and throughout a greater range than do empirical 
formule. 

We shall make, in the future, new applications to field guns and 
small arms. We shall also show how the characteristic elements of a 
powder may be deduced from a small number of experiments. 

In a Third Part we shall take up the study of the circumstances 
upon which variations of pressures in guns depend, 











ParT III. 


NEW RESEARCHES ON THE EFFECTS OF POWDER. 


PREFACE. 


I. In a memoir printed in 1875, I attempted to establish formulz 
giving the initial velocity of a projectile as an explicit function of the 
elements of fire, basing the deduction upon the theory of thermody- 
namics. The results which I obtained appear to agree with facts ; but, 
in consequence of certain restrictive hypotheses, they give only an 
approximation with which it is unsatisfactory to conclude, especially 
when we desire to study the law of the variation of pressure. 

II. I assumed, to establish the equation of motion: 

ist. That all the products of combustion of the powder were in the 
state of gas or vapor. 

2d. That we may approximately substitute for the actual condition 
of these products a condition in which all parts of the gaseous mass 
have a temperature and density equal to the mean of the mixture. 

3d. That the velocity of combustion of the powder is constant 
during the phenomena. 

Thus from the first two hypotheses I have calculated the pressure 
on the projectile and the work done, by applying the laws of Mariotte 
and Gay-Lussac to the entire products of combustion, as if they were 
in the séafic state. If we admit the third hypothesis, the law of the 
combustion of a grain is given by formule similar to those of Piobert. 

III. Since my memoir was prepared, Noble and Abel have-pub- 
lished their important researches upon the combustion of powder ina 
closed vessel. These seem to indicate that a part of the products of 
combustion are in the solid state, in the ordinary conditions of their 
formation. Moreover, these products are in motion during the entire 
phenomenon, and it is necessary, in evaluating the external work, to 
take account of these internal motions, which will vary the density and 
temperature throughout the gaseous mass. 

Consequently, the first two hypotheses seem to be insufficient. The 
third is certainly inexact ; and, although we may admit, as an approxi- 
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mation, a value of the velocity of combustion which is considerably 
greater than that in free air, yet it is clear that, in a rigid analysis of 
the effects of powder in a gun, we must take account of the law by 
which the velocity of combustion varies with the pressure. 

Finally, the method adopted, in my last memoir, to integrate the 
equation of motion leaves some doubt as to the degree of precision 
obtained ; it is also subject to conditions which make it inapplicable 
to points near the origin of motion; and we therefore cannot deduce 
from it the law of pressures at the point where these latter are 
highest. 

IV. For these reasons I have thought it would be of interest to 
undertake again the solution of the questions I have already treated, 
correcting and completing the data wherever possible. I have been 
able also, at the same time, to render the analytical considerations by 
which I deduce from the theory its various consequences more simple 
and rigid. These new researches will reproduce some results already 
reached, but they also furnish others which seem likely to throw some 
light on the complex subject we have in hand. 

V. After discussing, in the first chapter, the results of the last 
experiments of Noble and Abel, 1 examine in Chapter II how the 
general equation may be modified so as to include the results of these 
experiments. 

This modification may be made either by supposing, as do Noble 
and Abel, that the solid and gaseous products are always in equili- 
brium as to temperature ; or, following Bunsen and Schischkoff, that 
the solid products continue at the temperature of combustion, and 
that the heat of the gaseous parts only is transformed into work. 

In each hypothesis, the form of the fundamental equation is the 
same; the values of the coefficients changing, however. The same 
equation also holds when we take account of the internal motions, 
whose disturbing influence, evaluated by the new theory of gases, 
would appear to have a less value than some authors suppose. 

This equation, from which flow the consequences which govern the 
velocities and pressures, is the one obtained by M. Resal in his 
Researches on the Motion of Projectiles. 

Chapter III treats of the combustion of powder under variable 
pressure. The law connecting the velocity of combustion and pres- 
sure is not yet known. If we suppose, however, as a first approxima- 
tion, that the velocity is proportional to a positive power of the pres- 
sure, we may represent the combustion of the charge in the variable 
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pressure of the expansion analytically, and thus establish the equation, 
having taken account of all the conditions. 

Chapter IV is devoted to the integration of this equation. The 
integration is effected by series, by the aid of certain functions defined 
by a system of differential equations. These functions I have called 
auxiliary; they are purely numerical and entirely independent of 
the elements of fire, and tables of their values similar to those of 
logarithms may be computed. 

In the fifth and last chapter, the methods of making the calcula- 
tions will be presented. 

VI. I thus obtain new formulz giving the velocity and pressures, 
and I deduce from these the laws by which these quantities depend, 
not only upon the various elements of fire, but also upon the nature 
of the powder and the form of grains. 

‘Among the results obtained I will mention the calculation of the 
maximum pressure produced ina gun from the following data, whose 
determination can all be made in a laboratory: 

1st. The heat of combustion of the powder. 

2d. The volume of permanent gas which is produced. 

3d. The velocity of combustion in free air. 

The values which we shall thus reach agree exactly with those 
given by direct measurement by pressure gauges. 


CHAPTER I. 


ON THE PRESSURE PRODUCED BY THE POWDER GASES IN A 
VESSEL WHOSE CAPACITY REMAINS CONSTANT. 


1. MM. Noble and Abel have recently communicated (1876) to 
the Academy of Sciences, the summary of important researches on 
the combustion of powder. Admitting the results of these learned 
experimenters, that which relates to the pressures developed by the 
combustion of the powder in a closed vessel is particularly remark- 
able. It results, in fact, from the measure of the pressures that one 
is able to explain the facts observed, by supposing : 

Ist. That a part of the products of combustion is in a solid state. 

2d. That the pressure due to permanent gases only can be calcu- 
lated after the law of Mariotte, by deducting from the volume of the 
envelope that of the solid residue. 
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2. The calculation of the pressures, under this hypothesis, is done 
in the following manner: Let 
C= the volume of the vessel or place of combustion. 
w =the weight of the powder burned. 
7,= the absolute temperature of the products of combustion. 
a =the volume at this temperature, of the solid residue furnished 
by the combustion of one kilogram of powder. 
v= the volume (at zero centigrade, and under the normal atmos- 
pheric pressure), of the permanent gases of a kilogram of powder. 
The permanent gases produced by the charge » of powder at 7, 
occupies a volume equal to C—a«m. In order to find the correspond- 
ing pressure, it is necessary to apply the laws of Mariotte and Gay- 
Lussac, observing that the same gases under the normal pressure f, 
and at 273° of absolute temperature occupy a volume equal to ® 2,; 
we have then 


Pp wm, 7, 
p, C—am 273 
or better, 
ss wm 
(1) p=/ =a 


putting for brevity, 
‘ _ por T, 
(2) I= "273 


We can also introduce the density of loading, that is to say, the 
. m . - . - 
ratio J= C of the weight of the powder to the capacity of envelope, 
and write, 


J 
(3) p= fl .. 


3. Force of the powder.—The quantity / defined by the relation 
(2) represents the pressure of the permanent gases of a kilogram 
of powder, occupying, at the temperature of the flame, a volume equal 
to unity, which exacts the condition that in taking account of the 
volume of the solid products, the volume of the envelope should 
be 1-+-4. 

We will call this quantity the force of the powder. 

In a preceding work, supposing with several other authors that the 
products of combustion of powder, and more generally of any explo- 
sive substance, were totally converted into gases, at the temperature of 
the explosion, we have called the force of the explosive substance the 
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pressure developed by the unit of weight of the substance burning in 
the unit of volume. 

This definition accords with the preceding, since, under this 
hypothesis, the volume 4 of the solid residue becomes zero; but it 
will be seen that the new definition is more general. 

4. The results of the English experiments accord, in fact, very well 
with formula (3). MM. Noble and Abel have verified this with 
the pressures which they obtained by burning pebble powder in a 
closed vessel, the densities J varying by increments of 0.1 from 
4=0.1 to J=1.0. 

The summary of their memoir does not mention the values ad- 
mitted for the values of the constants f and a. These values seem 
to have been calculated by the aid of the pressures which corresponded 
to the values 40.6 and J=1. 

We have calculated these quantities by using in their determination 
all the results observed, using French units. We have found: 


(4) a=0.6833 
Jf = 219300, 


the units being the decimeter and the kilegram. 

The following table shows the pressures measured, the pressures 
calculated by formula (3), and the corresponding differences. 

We have divided the pressures by 100, consequently in the table the 
pressures are in Ai/ograms per square centimeter. 


Densities. Pressures. 

a Measured. Calculated Differences. 
O.1 231 235 a, ae 
0.2 513 508 + 5 
0.3 839 828 + II 
0.4 1173 1207 — 34 
0.5 1684 1666 + 18 
0.6 2266 2230 + 36 
0.7 3006 2043 + 63 
0.8 3942 3869 + 73 
0.9 5112 5127 — 15 
1.00 6567 6926 — 359 


The differences are not important, and since they do not seem 
to follow any law, they may be imputed to errors of experiment ; be- 
sides, the account before mentioned does not give any detail of 
the method adopted for the measure of the pressures, and it is impos- 
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sible to discuss the results with exactness. It is likely that the experi. 
ments on the pressure of the gases of the powder in a closed vessel 
are those that were described by Captain Noble in a lecture before the 
Royal Society of Great Britain, or, at least, that they were deter- 
mined in the same manner, that is, by crusher gauges, and the read- 
ings of these instruments being open to discussion, the results found 
should be accepted with some reserve. We add that the results differ 
completely from those which Rumford has deduced from his experi- 
ments. 

In the meantime, formula (3) represents the facts with an exactness 
such that it is allowable to consider as very plausible the hypoth- 
esis according to which the products of the combustion of the powder 
will be, under certain circumstances, partly solid and partly gaseous, 
The pressure observed being due to the permanent gases alone, may 
be calculated by Mariotte’s law, taking into account the volume occu- 
pied by the solid residue. 

We show, in the following chapter, how, under this hypothesis, the 
equation of the movement of the projectile in the interior of a gun may 
be established. 

5. Zemperature of the products of combustion.—The value of f 
being determined by experiment, we deduce from it by equation (2) 
the value of 7). We have. in fact: 

or2, f 


pp, z o 


According to MM. * » and Abel, the value of v, was 280 litres 
for the powder experimeried with. By making 
f = 219300 
Vv, —= 280 
o— 103-33 
we find for the absolute temperature of the gases 
7.223070" 
6. In order to calculate this temperature theoretically, it is necessary 
to know: 
1st. The heat lost by the products of the combustion of the unit of 
weight of powder without production of exterior work by being low- 
ered from the temperature 7, of combustion to a determined tempera- 
ture, say zero centigrade or 273° of absolute temperature. 
2d. The mean specific heat of the products of combustion between 
these limits of temperature. 











NEW RESEARCHES ON THE EFFECTS OF POWDER. 79 


In fact, designating by O the heat of combustion, and by ¢ the 

specific heat, we have the relation: 
O=c( 1,— 273), 

whence T=73+ : 

The heat of combustion can easily be determined by the burning 
of powder in a calorimeter. MM. Noble and Abel found it equal to 
705 calories (French units of heat) for the experimental powder. 

With regard to the specific heat, it is unknown. MM. Bunsen and 
Schischkoff have admitted the value c=0.185 for the products of 
combustion of a powder similar to our sporting powder. But this 
quantity corresponds to a temperature nearly the mean atmospheric 
temperature, and, following MM. Noble and Abel, it should vary, 
increase, probably, with the temperature. 

Therefore, in default of more precise data, we admit the value ¢ = 
0.185 with O=705, and we find 


7,=4080°, 


that is to say, a value nearly double that which has been deduced 
from the measure of the pressures. One would be led to admit, then, 
that the mean specific heat has a value nearly double that which MM. 
Bunsen and Schischkoff have adopted, and, consequently, since the 
specific heat of the gases under constant volume is independent of the 
temperature, that the specific heat of the solid residue at the tempera- 
ture of combustion is more than double what it is at ordinary tempera- 
tures. 

This result may seem excessive. We shall see later, however, 
in studying the cooling of the gases by the envelope, that one can ex- 
plain the difference between the theoretic temperature and that 
deduced from the measure of the pressures, without necessarily ad- 
mitting this enormous variation of specific heats. 

7. Volume of the solid residue at the temperature of combustion. 
The coefficient «, the value of which is determined (4), represents the 
volume in cubic decimeters, at 7;, of the solid products of combustion 
of a kilogram of powder. Also, after MM. Noble and Abel, the 
volume of these products at ordinary temperature is 0.3, and their 
weight is 0.57 kilogram. 

It is easy to conclude from these numbers and from the value a= 
0.6833 : 
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1st. That the mean coefficient of cubic expansion of the solid 
residue between the temperature 273° and 2070° is 0.000624, or reyy 
nearly ; 

2d. That their specific weight at the temperature 7,—= 2070° is 
equal to 0.903. 

This last result does not agree with one determined by MM. Bunsen 
and Schischkoff. These experimenters have, in fact, found, by a 
method which seems to be a direct experimental determination, that 
the specific weight of the solid residue is 1.520 at the temperature of 
2808°. It seems difficult, at this stage of our knowledge, to decide 
which of these two numbers is the nearer the truth. 


. I 
It is, however, to be remarked, that the value 56 found for the 


coefficient of expansion notably exceeds analogous coefficients which 
correspond, in the ordinary limits of determinations, to the greater 
number of solid bodies. It may then be possible that this coefficient 
was really too large. The same may be true of a, the coefficient which 
served to determine it. We shall see, in fact, that an error of this kind 
can result from the cooling of the products of combustion by the wall 
of the vessel enveloping them. 

8. We will close this discussion with a remark on the comparative 
volumes of the powder and the solid residue produced by the combus- 
tion. The volume of a kilogram of powder of a density 1.8 is 


I , , :, ; 
Tg O55 The volume of the solid residue resulting from its com- 


bustion is 0.63, according to MM. Noble and Abel, and 0.44 accord- 
ing to MM. Bunsen and Schischkoff, and the volume of the powder is 
somewhere between these two values. One may conclude from this, 
that if the solid residue of the combustion of the powder is formed 
under the same conditions as those of actual service, it would not 
be a great error to suppose that the volume of the residue, at the 
temperature of the flame, is equal to that of the powder itself. In the 
following chapter the utility of this remark will be manifest. 

9. Effect of the cooling of the products of the combustion of powder 
by the wall of the envelope.—It has generally been supposed, in theo- 
retical researches on the effects of powder and other explosive sub- 
stances, that the cooling of the products of combustion by the wall 
which enveloped them could nearly always be neglected. But this 
effect cannot be neglected. 

We have referred in our preceding work to the calorimetric experi- 
ments by which M. Saint-Robert ascertained that, in firing a gun, the 
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heat absorbed by the walls of the bore could be taken as nearly one- 
fourth the heat of the combustion of the charge. 

The loss of heat, relatively less in guns of large calibre, is certainly 
a sensible quantity, and Captain Noble, in a lecture on this subject, 
is disposed to attribute to this cause considerable losses of work 
observed in certain experiments. 

M. Berthelot also estimates that, in the application of processes 
which we arrange to produce very high temperatures, a large propor- 
tion of the living calorific force is lost through the wall of the envelope. 
This eminent chemist expresses himself as follows, and adds that the 
facts which support the statement will perhaps not be without interest 
for the study of the reactions produced by the combustion of powder 
in the bores of guns: 

“T’existence des hb iutes températures en principe et la possibilité 
de ies réaliser, me paraissent devoir étre distinguées avec soin. 

“En principe, nos théories actuelles indiquent qu’une masse gazeuse 
donnée peut acquérir une force vive indéfiniment croissante, c’est-a- 
dire une température illimitée.... . 

“Mais, en fait, il se peut que l’intensité des radiations de toute 
nature augmentant avec une extréme promptitude A mesure que la 
température s’éléve, et par suite les déperditions de la force vive qui 
se communique aux milieux environnants devenant de plus en plus 
considérables, rendent irréalisable toute température qui passerait 
une limite voisine de 2500 ou 3000 degrés observés dans les expéri- 
ences de M. Sante-Claire Deville.” 

10. It seems to us probable that in all the circumstances of the 
combustions of the powder, the intensity of the thermic state realized 
is such that, in spite of the brevity of the phenomenon, the tempera- 
ture can be lowered considerably in an extremely short time, and that 
perhaps to this rapid lowering of the temperature, varying with the 
mass of the powder, the surface of the envelope, and the period of 
combustion, may be attributed the difference, which the results present, 
of various authors who have sought to measure the pressure of the 
powder gases in a closed vessel. 

We submit, while on this subject, some considerations, which with- 
out pretending to a rigorously exact determination, will serve, we 
believe, to give a notion of what these perturbing influences may be. 

11. We consider a weight # of powder burning in a closed vessel. 
The combustion of the powder is not instantaneous; it is done pro- 
gressively, so that after a time ¢ counted from the beginning of igni- 
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tion, the quantity of powder burned is a function /'(4) of which the 
form depends upon the physical qualities of the powder and upon the 
circumstances of combustion. 

During combustion the envelope absorbs heat, and, after the time ¢, 
the temperature Z of the products of combustion is less than 7,, 
which would have been the temperature had combustion taken place 
instantaneously. We will endeavor to express this difference. To 
this end, denote by 
¢ the total surface of the envelope, 

h the velocity with which the heat is imparted for a unit of surface of 
the wall of the envelope, 


The heat absorbed by the envelope after the time ?@ is: of? h.dt. 


Again, the heat lost by the weight / (4), the temperature of the 
products of which is lowered from 7, to 7, is cF(4)(7,.— T), ¢ 
being the mean specific heat under constant volume. 

-We have then: 


(5) F(T. —T)=« f hat 


The coefficient of cooling 4 is a function of the temperatures of the 
products and of the envelope, vanishing with their difference. 

If one admits that the cooling takes place by radiation from the 
products of combustion through a superficial layer of the envelope, 
and that this radiation follows the law of Dulong and Petit, we are led 
to put 
(6) h= Hee' (a? — a”), designating by, 
7 the absolute temperature of the products of combustion, 

7, that of the envelope ; 

e the emissive power of the products of combustion ; 

e’ the absorbent power of the substance of the envelope; 

a is a constant always equal to 1.0077 ; 

H is a constant, common to all bodies, and of which the value is 
0.000237, if we take for units the decimeter and the second, the 
emissive and absorbent powers being referred to those of lampblack. 
The unit of heat is the ca/orie (the quantity of heat necessary to raise 
the temperature of a kilogram of water one degree centigrade). 


Nore L—1,. The numerical value adopted for the constant A of formula (6) 
Chapter I, has been deduced from the results of experiments by Dulong and 
Petit, in their researches on the laws of cooling. Consider a body at the abso- 
lute temperature 7; cooling in an enclosure to the temperature 7;. Calling cits 
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limiting surface, the quantity of heat which traverses this surface during an 
infinitely small time d¢ is Aodt, 4 being the quantity defined by formula (6) 
before cited. 

If then we designate by 9 the weight of the body, and by ¢ its specific heat, 
the corresponding fall in its temperature is: 


aT="". dt, 

pe 

it follows that the thermometric velocity of cooling is 
i on ho 

pee 

Or better, replacing 4 by its value, 
— cee’ T T. 

(1) = HZ. (aT —a7), 


2, Suppose, in particular, that the body, the cooling of which we are observ- 
ing, is a sphere of radius 7, A being the specific weight of the substance, we 


have 
— sre go 4 weta © —_3- 
c= 4rr’, p= oe Pink 
Consequently, putting 7— 7, + 4, the formula (1) becomes, 
T, 
a — Ree a“) - 
(2) rr — (a 1). 


3 This being granted, Dulong and Petit have studied the cooling of a 
mercurial thermometer in an enclosure coated with lampblack to the tempera- 
ture of zero centigrade. 

The bulb of the thermometer was 6 centimeters in diameter, and one can, 
neglecting the cooling of the glass, apply the calculation to the cooling of a 
sphere of mercury of a radius of 3 centimeters, by taking for the value of the 
superficial emissive power the quantity e——0.8, which is very nearly that of 
glass. 

Under these conditions, the numerical value of the elements which enter into 
formula (2) are, taking for units the decimeter and the kilogram : 


¢=e8 34873 "= a3 
it 3 * ¢= 0.0333 A = 13.596 
Under these conditions the experiment gave for the velocity of cooling per 
minute : h' = 2.037 (29 —1) 
or per second h' = 0.03395(a9 — 1). 


Comparing this value with formula (2) we deduce from it the value 4 = 0.000237. 


12. In consequence of the absorption of heat, the temperature 7, 
of the envelope is raised during combustion, which fact tends to 
diminish the velocity of loss of heat by the products of combustion. 
But the law of this heating is entirely unknown, and we are obliged to 
neglect it, supposing that 7, remains always less than 7; 
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In consequence of this hypothesis, which gives a superior limit to 
the loss of heat, relation (6) reduces to the following : 


(7) h= Hze'aT, 
and equation (5) should be: 
(8) cF (t)(T— T= wee fa dt, 
or P 
zt 
(9) sF(t) =k fa-*dt, 


designating by z the fall 7,— 7 of the temperature, and putting for 
brevity 


(10) k 


Hee’ cals 
_— c 


In equation (9), the relation which connects z and ¢, z can be found 
in an explicit form when we know F (¢). 

13. If we suppose, for example, the combustion to be uniform, we 
have F()) =a - 
of its combustion. 

Equation (9) is satisfied then by giving to z a value independent of 
¢, and this value is obtained by solving the transcendental equation: 


» @ being the weight of the powder and + the period 


Mz 


(11) — ass, 


For any other law of combustion F (/) can generally be developed 
following the powers of ¢ in the form /'(¢) = Wat(1 + 44+ »t,+ ..) 
We develop z in the same manner by putting : 


z= 2+2f+2/7+... 


and substituting in (8) we easily determine the coefficients. This 
calculation offers but little interest and we will not enter into details. 
The ideal case of a uniform combustion suffices also for our beginning, 
which, we repeat, is an approximate representation of the phenomenon 
more than an absolute measure, which the want of physical data does 
not permit us to enter upon. 

Equation (11), which determines, in this case, the constant fall of 
the temperature, is solved easily by trial when we know the value of 
&. It suffices to put the equation in this form : 


(12) log z +- z log a=log & + log ts — log @, 
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the logarithms are those of the common system. We find quickly, 
by the aid of tables, the value of z, which makes the value of the first 
member of the equation sensibly equal to the given value of the 
second member. 

14. It is necessary in order to make the calculation to have a value 
at least approaching that of &, and to know, consequently, the coeffi- 
cients ¢, <’. The first is the emissive power of the products of com- 
bustion: this element is absolutely unknown. It is known, however, 
that the flame, containing solid incandescent particles, has a consicer- 
able emissive power. In the absence of all precise data, we wil] make 
the calculation under the hypothesis that it has an emissive power 
equal to unity. 

The absorbent power «’ depends upon the nature of the envelope. 

For polished iron we can take Leslie’s number, «’ 0.15. We 
will take finally for the specific heat of the products the value ¢—=0.185 
admitted by MM. Bunsen and Schischkoff, and for 7, the theoretical 
value of No. 6, 7,—= 4080 degrees. 

Putting these values in (9) we find: 


, 


log & = 9.874 + log ¢, 
consequently equation (12) becomes 
log z + z log a= 9.874 + log « + log r — log @. 


15. Suppose, in order to fix these ideas, that the combustion takes 
place ina cubic capacity of one decimeter. The surface ¢ is then equal 
to 6 (sq. dec.), and, giving to + and to @ various values, we can calculate 
the corresponding values of 2. 

We give, in a table, the fall of temperature obtained in supposing : 


T=0O.1 0.01 0.001 (seconds) 


@=0.1 05 1.0 (kilogram) 
Values of r Values of @ (Kilogram) 
Seconds, - = 1.0 
degrees. degrees. degrees. 
0.001 1630 1440 1360 
0.010 1910 1720 1630 
0.100 2190 2000 1910 


These results show that a fall of temperature in the neighborhood 
of 2000° is not improbable, and consequently we can conclude that 
the temperature of explosion is, perhaps, not very far from the theo- 
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retical value, and that the influence of the envelope alone prevents it 
from reaching that value. In all cases it is not necessary to admit, to 
explain the difference, a considerable variation of the specific heats. 

16. For the same value of r, the values of z vary with the weight # 
of the powder burned ; however, the variations should be very small, 
in order that formula (3) may be applicable, supposing / to be con- 
stant. But it is easy to see, then, that one would take a value too 
great of a. 

Suppose, in fact, that it is desired to determine a by the aid of two 
experiments giving the pressures /, and /,, corresponding to the values 
4,, 4,of 4. The temperatures being different in the two cases, we 
have two different values 7, /, of /. The relation (3) gives the two 
equations : 

— Ad, ead 
PM 0k, PM, 
We find from them 


oe 1 
oa 4, _ hh 
= Pipi Pi pi 


an expression in which, / increasing with /, the second term is neces- 
sarily negative. The exact value of a is then less than that which we 
should have found had we supposed /, = /,. 

This result confirms the remarks which were made in the preced- 
ing (Nos. 7 and 8). 


CHAPTER II. 
GENERAL EQUATION OF MOTION IN THE BorRE. 


17. If we admit that a part of the products of combustion are ina 
solid state, in the ordinary conditions of the employment of powder 
in guns, we are led to modify in some respects the analysis by which 
we have already established the equation of motion upon the suppo- 
sition that the entire products are in a gaseous state. 

We may, in fact, assume two hypotheses, which include the truth 
probably. We may suppose that the solid products are always in 
equilibrium of temperature with the gas, and thus give up some heat 
which is transformed into work ; or that the temperature of the solid 
products is constant during the expansion of the gas. 

Following the first hypothesis, generally accepted by Noble and 
Abel, we have calculated (Part I, Chapter 3) the theoretical maxi- 
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mum work which the powder can perform. Bunsen and Schischkoff 

have, on the contrary, adopted the second hypothesis, and have 

calculated the work from the expansion of the permanent gases alone, 

supposing that the solid residues preserve always their initial tem- 
ture. : 

18. First hypothesis—Suppose first, as in the preceding memoir 
(Part II, No. 3), that the heat lost by the totality of the products of 
combustion represents the external work © according to the relation, 

5 
(13) =e (T— T), 
E being the mechanical equivalent of heat ; 
¢ the mean specific heat, in constant volume, of the products of com- 
bustion ; 
y= Fé), their weight at the time 7; 
T their absolute temperature at any time; and 
7, the temperature of combustion. 
The pressure of the permanent gases is given by, 


_ pormyT 
(14) p= 273. V. ’ 


V being the volume of the gas, and v, the specific volume of the gas 


ofa kilogram of powder. Eliminating 7 between (13) and (14), we 
have, 


(15) pVv+2c=/f/, 
putting 

__ * ae 
(16) v=. Ez’ 


J being the force of the powder, defined by (2) of the preceding 
chapter. 


This equation is similar to (7) of Part II. It differs from this only 
in *' value of 20; which is equal, when all the products are gaseous, 
t , being the ratio of the two specific heats. 

T’e general equation of motion may be deduced as in Part II 


(No. 5}. }t is as follows: 
d*u du\*__ fy 
(17) (u -+- 2) rT +0 i= _e 
The quantity z is defined by the condition that w (z+ z) represents 


the volume V occupied by the gas; this volume is composed of the 
following : 
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ist. The initial volume V, around the charge before the displace- 
ment of the projectile. 

2d. The volume y,, being that of the interstices between the grains 
in the fraction of the charge which is lighted. 

3d. The cylindrical space wx, corresponding to the displacement of 
the projectile. 

When the gasification is complete we must add the volume of the 
powder burned; but, if there are any solid residues, we must take the 
excess of the volume of the powder over that of the residue formed 
by the combustion. If then we suppose these two volumes equal 
(Chapter I, No. 8), we may neglect this factor, and write 


V=V. 4-9, + wx, 
and, consequently, 


I , 
—, (VAD). 


When the inflammation is instantaneous, the volume V,+- 4, is 
always the same as that of the powder chamber, diminished by the 
volume of the grains. Consequently, the value of z will be constant. 

This value may be put in the two forms, 


J 
(18) a= u(1— x) 
mw I I 
(19) 2y— od (J — x) 


(See Part II, No. 21), where 
u, is the reduced length of the powder chamber, or the length of a 
cylinder of equal volume having », the cross section of the bore, as 

a base; 

@ the weight of the charge; 
w the section of the bore ; 
4 the density of leading ; 
é the density of the powder. 

We see that here the substitution of 2, for z, adopted as an approxi- 
mation in Part II, No. 23, to simplify the integration, becomes exact 
when we adopt the hypothesis of the solid residues. 

19. Second hypothesis.—Suppose, secondly, that the gaseous pro- 
ducts only change their temperature. Let ¢ be the weight of the gas 
of a kilogram of powder. 

The weight y of powder burned in the time / gives a quantity ey of 
gaseous product ; which, falling from 7, to 7; gives out a quantity of 
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heat ¢,<v (7,— 7); ¢, being the specific heat, in constant volume, of the 
gaseous products of combustion alone. Consequently (13) is re- 


placed by 


(S 

E 

The rest of the deduction in No. 18 remains the same; and (17) is 
the same if we write <c, in place of ¢ in (16), which thus becomes 


9) 
Por 0 


273 kee 


=cry(7%—7). 


(20) 20 = 


Since v, is the reduced volume of a weight < of permanent gas, the 
specific volume or volume of unit weight of the same gas is —, and 
~ 


we have consequently 
E——.._ em _ 


¢ being the specific heat under constant pressure. 
Note.—The above expression for “ may be obtained by writing 
for v, in (14) Part I. 
, 


, , c 
If then we call » the ratio of the two specific heats a» we have 
1 
n— tI 
21 I= 
(21) —*, 


as in the case where all the products are assumed to be gaseous. 

20. In the two hypotheses, the equation of motion (17) has the 
same form, but the coefficient @ has different values. We shall now 
give these values in some particular cases. 

First hypothesis.—The value of @ (16) depends upon the volume 7 
and the specific heat c. The first may be determined by experiment. 
We have elsewhere made this determination for the powders com- 
monly used in France. The second is not known; we consider, how- 
ever, that it is very nearly the same for all powders (Part I, p. 17); so 
that we may, without much error, adopt the value found by Bunsen 
and Schischkoff, c—=.185. 

The following table gives the values of v, and those corresponding 
of @, for the principal powders. 


a 


Name of Powder, (liters). é. 
Sporting powder, 234 .0549 
Cannon os 261 .0612 


Fine-grained powder, called B_—_ 280 0657 
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Second hypothesis——In the second hypothesis we have @= “I 


n being the ratio of the two specific heats of the permanent gases, 
If we adopt the value x= 1.4, which is correct for the state of perfect 


gas, we have = this is very much larger than the foregoing 


values. 

21. It appears difficult to decide which of these two hypotheses is 
nearest the truth. In our first researches we admitted that the 
sensible heat of the totality of the products of combustion would be 
transformed into work; and this hypothesis was necessary, because 
we supposed that all these products were in the state of gas or of 
vapor. If, as the facts set forth in the preceding chapter seem to 
show, solid products really exist at the temperature of the flame, it is 
very unlikely that these products, whose emissive power is probably 
very considerable, would have always the same temperature. But 
it is possible that they radiate to the walls of the gun, and that the 
heat should be thus absorbed without greatly modifying the thermic 
qualities of the gas, whose emissive and absorbing powers are prob- 
ably very small. 

The second hypothesis does not then seem inadmissible. Noble 
and Abel reject it formally and consider that “the hypothesis of 
Bunsen and Schischkoff, that the effect on the projectile must be 
attributed to the permanent gases, without gain or loss of heat, is in- 
compatible with observed facts.” 

To establish this incompatibility completely, and exhibit the 
partial, at least, utilization of the heat of the solid products, it would 
be necessary, it appears, to show that the effective work of a gun 
may exceed the mechanical equivalent of the sensible heat of the 
gases produced by the explosion of the charge. For, if the contrary 
takes place, we may suppose that the difference represents the effect 
of passive resistances, coolings, interior motions, or other causes of 
dissipation of energy. 

Now, taking for our calculations the data determined in our experi- 
mental researches, we find that the theoretical maximum effect, cal- 
culated by the hypothesis of Bunsen and Schischkoff, is sensibly 
greater than the observed effects. Let us enter in some detail upon 
this question. 

22. We have elsewhere remarked (Part II, No. 7) that the equation 
of motion (17) becomes directly integrable when the explosion is 
supposed instantaneous. We deduce from this a formula for velocity 
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which is not exact, since the combustion is progressive and not in- 
stantaneous ; but which, as observed by Résal in his Recherches sur 
le Mouvement des Projectiles, cannot be very far from the truth, and 
should give, in all cases, a superior limit of the attainable velocity. 

We may establish this formula in the two hypotheses, and compare 
the theoretical velocities which result with actual velocities. The 
following is the detail of the calculation : 


Let v= “ » the velocity of the projectile at any time. The integra- 


tion of (17) in the case of instantaneous explosion gives the relation 


(22) ‘= ASE -(3 2 % ‘ 


23. In the first hypothesis, and @ having the values (2) and (16), 
we have 


‘ s2 38e7Z,, 
or calling OQ the heat of combustion of the powder (Part I, No. 3), 
f -=2£E9Q. 


Consequently, (21) becomes 


(23) v=2£O—[1—-(3) |. 


The exponent @ has, according to the powder used, one of the 
values in the table of No. 20. 
24. In the second hypothesis, in — of (20), we find, 


f = 20¢,£7, —2~* “ EQ, 
and, taking @—= 1, we have, 
Cy » \§ 
(24) p= ¢ BO m = —(5) | 
where 


¢ is the weight of the permanent of a kilogram of powder, 
¢ the mean specific heat of all the products, 
¢ the specific heat, in constant volume, of the gaseous products. 
For the powders used by Bunsen and Schischkoff, c,—=.164, 


c : 
€=.185, ~ = .887 ; and we may use the figures approximately for 


the various usual powders. 
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25. Let us apply formulz (23) and (24) to some particular cases, 
The following table gives the elements and result of the calculations, 


Names of Elements of calculation units: Small Cannon Phan 
decimeter and kilogram. arm, of 24. of 9a 
Diameter of the bore, 175 1.53 2.42 
Initial distance of the base of the pro- 
jectile from the muzzle, x 9.80 27.91 34.45 
Reduced length of the chamber, x, " 2.95 7.63 
Density of loading, 4 1.00 537 -798 
Reduced length of initial air-space, z, .0435* 1.92T 4.24f 
Weight of powder, # 0025 2.90 28. 
Weight of projectile, mg .036 24.0 144. 
Heat of combustion, QO 849 795 795 
Weight of the gas of one kilogram of 
powder, « 337 412 412 
Velocity by (23) (meters) 494 482 560 
- “ (24) 2 365 447 533 
“observed 275 334 432 


Remarks.—The powders used are: 1st, sporting powder for the small 
arm; 2d, cannon powder (poudre a canon des pilons) for the cannon 
of 24; 3d, Wetteren powder (grains of 13 to 16 mill.) for the navy 
gun of 24 cm. 

The results shown in this table may be thus summarized : 

1st. The velocities calculated by (24) (that is, neglecting the trans- 
formation of the heat of the solid residues into work) are, in each case, 
very largely in excess of the true velocity. 

2d. For the two large guns, the velocities calculated by the two 
formulz differ little. 

3d. For the small arm, where the length of the piece is proportion- 
ately greater, the velocity calculated by (23) is much greater than the 
other, and is more than double the true velocity. 

It appears difficult to explain this. A considerable fraction of the 
heat, it is true, is lost to the walls of the gun, but this cannot exercise 


* Calculated by (19). 

t Calculated by (18). 

t The proportions of the Wetteren powder are those of the regulation 
cannon powder; we have taken the same values of Q and e¢ for these two 
powders. The values used are those of our first researches on the force of 
explosive substances. 
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so great an influence. In fact, whatever might be the law of the 

absorption of heat, the effect of the heat lost is less than if that heat 

were to completely disappear at the origin of motion. We must 

then replace 0 by Q—(Q,,and consequently multiply the velocities by 

(:-$)' which will —.865, if we take O; — 1 » following the 
Q Q 4 

experiments of Saint-Robert. 

The velocities thus calculated are 428 and 316 meters; and the 
difference between the first of these and the true velocity, which is 
275, is certainly too great to be attributed to the other causes of loss 
of velocity. 

The calculation seems therefore to indicate that the heat of com- 
bustion of the charge is only partially utilized. It is possible, and even 
probable, that the temperature of the solid residues is not greatly 
lowered; or even that the heat which they give out, if they are 
cooled, does not sensibly heat the gases, and therefore is not trans- 
formed into useful work. 

Finally, the hypothesis of Bunsen and Schischkoff, on the mode of 
utilization of the heat of the powder, seems applicable to the expan- 
sion of gas in guns. There is nothing to indicate, moreover, that this 
hypothesis may also be applied to the other modes of using powder; 
and, in particular, that it should be applied in calculating the theo- 
retical maximum work of indefinite expansion. We may therefore 
adhere to the views expressed in Part I, p. 33. 

26. Influence of the proper motion of the products of explosion.—It 
was assumed in Part II, No. 2, to establish the general equation of 
motion, that we may approximately substitute for the real state 
of the products of explosion, a fictitious state in which the entire 
mass of gas has the mean density and temperature of its different 
parts. Starting with this hypothesis, we have calculated the pres- 
sure upon the projectile and the external work done, according to 
the laws of Mariotte and Gay-Lussac, as if the products were in a 
Static state. 

We have thus analyzed the principal circumstances of the phe- 
nomena, making use only of some elementary notions of thermo- 
dynamics, whieh we have deduced from the laws of permanent gases. 
This analysis is incomplete, as it took no account of the motion of 
the products of combustion and of the unburned portion of the charge. 
We may, in the following manner, take account of this, according to 
the new theory concerning gases. 
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27. At any instant, let 

y= the weight of the products of explosion. 

== the mass of the charge. 

du=the mass of an element of the mixture formed by the burned 
and unburned fractions of the charge. 

x==the distance, a function of the time, which separates the ele. 
ment dz from the bottom of the bore. 

7 =the mean temperature of the products of combustion. 


If the products of combustion are formed without proper sensible 
motion and without the production of external work, their tempera- 
ture will always remain equal to 7, the temperature of combustion, 
But, in consequence of internal motion, and of the work of expan- 
sion, their temperature will fall, and the heat given out by the weight 
y* of the products, falling from 7, to 7, represents half the living 
force of the charge and the external work produced.f 

Equation (13) should then be replaced by the following, 


(25) Ecy (™— ry=645 (Gyan. 


Also, relation (14) between the pressure # upon the projectile, and 
the volume, weight and temperature of the products of combustion, 
must be modified as follows, to take account of the sensible internal 
motions : 


sa fe 
(26) pva—he® yr [x5 —z. 


Nore I.—Equation (26) may be established by the aid of considerations 
similar to those which Clausius and Yvon-Villarceau have recently employed 
to establish some important theorems of general mechanics. 

Consider a material system formed of the products of combustion, and let du 
be an element of the system. Let x be its distance at any time from the bot- 
tom of the bore, and X the component, parallel to this distance, of the force 


applied to it. We have 
d*x 


: Y +P A 
af 





* We here reason upon the hypothesis that the totality of the products of ex- 
plosion are in equilibrium of temperature. If, on the contgary, we suppose 
that the temperature of the gaseous products alone is lowered by the expai- 
sion, we must, as in No. 19, replace ¢ by ec, e being the weight of the gas ofa 
kilogram of powder, and ¢ its specific heat. 

{We neglect the internal work, which, in perfect gases, is considered to 
vanish, or to become so smali that it may be neglected. 
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Multiplying by x, and summing the results thus obtained for all the elements 
of the system, we have 


(1) f o% . dp = Esk. 


Neglecting the internal forces, according to the theory of gases, the forces 
applied to the system are reduced to the reactions at the extremities of the 
mass; that is, to forces equal and opposite to the pressures upon the bottom of 
the bore and upon the projectile. 

We need take no account of the first, for at that point x is zero. If, then, 
adopting the notation of No. 28, we call 
u-+-u, the distance which separates the projectile from the bottom of the 

bore ; 
pf the pressure, on unit surface, upon the projectile ; 

w the cross section of the bore, supposed equal to that of the projectile ; 

the second member of (1) reduces to — (u-- uy) wf, that is, to — Vp, V being 
the volume occupied by the products of explosion. We have then 


cone d*x 
(2) pv=—fe 7 - au. 

2. We must distinguish, in the second member, between the parts which 
represent the sensible motion, and those which represent the rapid vibratory 
motions which, according to present theories, constitute the thermic state of 
the system. According to these theories, each point oscillates around a mean 
position, and we have x=%X+e, 

*, being the abscissa of the mean position, and a the variable displacement in 
the vibratory motion. Consequently 


d°x d'*x, d°x, d*a d°a 
x =a a x a . 

(3) dt — 8°" gp Tonge tT tee Te aa 
3 Consider the mean values of the terms in the second member in an interval 
of time, which is very great compared to the period of thermic motion, but 


. ee d?*x 
very small in absolute value, so that the variations of x, and at may be 


. a . 
neglected. Observing that the means of a and a are zero, we may write (3) 
in the form, 
9 9 2 
x@ 4 vo 4 dia 


dt at ae’ 


recollecting that the second member is to be replaced by its mean value. 
We have thus, 

Pome d*a d°x, ” 

pl —_— ‘7 e— Xo dt . 


The second term represents the value to which pV is reduced when there is 
no sensible motion in the medium. Now, according to Gay-Lussac’s law, 


pvn2ere wT. 


"7 
“9 
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Consequently, in the general case, 
Vm fom r—f a OM 
p 273 " at? s 


Suppressing the subscripts, which are not necessary when we consider the 
sensible motions alone, we have (26). 


Eliminating y 7 between (25) and (26), we find the relation, 


(or) pVAS x FE ant 20(6 43 (G)e )=s. 


which replaces (14). 

28. To deduce from this the equation of motion, we will call «+x, 
the distance of the projectile from the bottom of the bore ; u, being 
its initial distance and x its displacement. 

The distance x of any element is evidently less than «+-w,; also, 
if there are no /ourbdillons intérieurs, the velocity and acceleration of 
this element are less than those of the projectile; we may therefore 


write, 
a’*x a*u 
(28) TT du = ap (u-+ u,) a’ 


dx? , (dur* 
(29) f z) du—a'p Zz) ’ 


a and a’ being coefficients less than unity. 
Also, calling m the mass of the projectile, and z the quantity defined 
in No, 18, 


(30) pVv=m(ut+2) cn 

. du\* 
(31) (5 =im (4): 

Finally, putting 

ee i 
(32) a a 
formula (28) may be written, 

d’x . ad°u 

(33) x de du = afn(u +. Z) WP ° 


Recollecting the relations (33), (29), (30), (31), (27) becomes 
a°u — d. 2 op ia 
G4) +2) dt* (1448 a 5) (+. ‘)=%- 


Such is the equation of motion of the projectile. It differs from 
the one already obtained only in the coefficients of the first member. 
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These coefficients are reduced very nearly to unity when the mass of 
the charge is very small compared to that of the projectile. 
This condition is not realized in the ordinary circumstances of 


. jp . . . 
practice; the ratio » often equal, and sometimes superior, to $. 


The coefficients may, therefore, differ sensibly from unity. 

To ascertain their value, it would be necessary to know the law by 
which the velocities and accelerations of the various elements of the 
charge vary. This was attempted by Lagrange, Poisson, and Piobert. 
The problem is too complex and difficult, however, for us to hope to 
attain results which would be practically useful. 

Fortunately, the importance of its solution is only secondary, for it 
can be shown, that without making a complete calculation, (17), which 
was obtained by neglecting the internal motions, takes account of the 
most essential parts of the problem. 

29. We remark first that, in the ordinary conditions of practice, the 
coefficients 2 and a’ have smaller values than they would have if the 
entire charge was instantly gasified at the origin of motion. 

At any given instant, the solid residues of the burned powder and 
the grains not yet burned are irregularly dispersed through the mass 
of gas, and are surrounded by it, so that the pressure on their surfaces 
is everywhere about the same. Their accelerations and velocities 
must, consequently, be small, and the corresponding elements of the 
integrals (28) and (29) will have an insensible value; these are there- 
fore diminished. 

Consider now their values if all the charge became gas at the origin 
of motion. Suppose that an element of the mass, perpendicular to 
the bore, had at all its parts the same velocity and acceleration 
parallel to the axis of the gun, without having other motion. Let » 
be the density of the element and dx its thickness. Its mass is pwdx, 
w being the cross section of the bore; consequently (28) and (29) 


become 
2 J? x */ dx? 
of x a .pdx and of G ) pax. 


30. To accomplish the integration, it is necessary to know the law 
by which the density, acceleration, and velocity of an element depend 
upon its position. 

Piobert assumed that its velocity is proportional to its distance from 
the bottom of the bore. We have then, 


i du 
(35) dt u+u, dt 
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Differentiating totally, with respect to /, we have, 
@x_ 1 dx du + So im. x 3) 
dt? u+u, dt dt'u+u,dt? (ut) 
—— : 
or, replacing - dt by its value in (35) 
a’x x du 
(36) dt* ” u+u, dt? 


The law of accelerations is therefore the same as the law of velocities. 

The density p varies throughout the mass according to an unknown 
law. But the variation is probably not great, and we may neglect it 
in the calculation of terms of small nmerical value. 

In consequence of ri hypotheses, we find, 


po d*u af a2... 
= ai de “enn ae” 

pw du 
f tN, ene r) ff ax. 


The integral Sf dx must be taken between the limits o and u+4,; 
; 2 pbs ig ; 
its value is 3 (u-+-x,)*. Substituting in the two expressions above, 


and recollecting that pw (% + ,) =», we have finally 
ett I d*u 
x Op daz p(t + %,) 7 


S(a)e= 5a): 


and, consequently, comparing with (28) and (29), 
s=e= = -e 
3 

These values may be considered a superior limit. A half at most 
of the charge becoming gas probably, their real values do not per- 
haps exceed ¢. 

31. When the gasification is complete, 7 (32) becomes equal to 
unity. When the gasification is partial and progressive, we may also 
take 8==1. In fact, 8 approaches the value unity for increasing 
values of x When x is very small, 7 differs from unity; but then, 
the mass of the gaseous products being very small, a and a’ are 
very small and the value of these terms becomes small. 


If in (34) we puta=a’ =}, §S=1, we have 


(uz) on +0 ()=7 


(37) 


ae + 3 TZ) 
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This is essentially of the same form as (17), there being a slight 
change in the second member. We may consider this change as 


affecting the mass of the projectile, which, if we take = om : , should be 


increased by r'sth. If we take, (65) of Part II, the relative variation 
of the term depending upon m is 7s; it would be sy if we take a= a’ 
=}, in accordance with the remark at the end of No. 30. In this last 
case, the variation of the velocity is only 5 or 6 meters. 

32. The disturbances which result from the movement of the 
various parts of the charge appear then to be of small importance ; 
we may then neglect them, and consider that (17) expresses the 
motion of the projectile correctly. It is also to be noticed that the 
effect of these motions being to diminish the value of the second 
member of this equation, has the same effect as diminishing the value 
of f, and this diminution may be considered a constant quantity, the 
ratio — varying very little in the conditions of practice. 

We may also, by a change in the value of /, take account of the 
cooling effect upon the gas of the walls of the gun; the effect of this 
is probably larger than that which we have just examined. Suppos- 
ing then that / represents the force of the powder thus corrected, 
(17) becomes exact. 

In this case, the datum @ friorz of the force of the powder appears 
nearly useless, as we do not know the correction which should be 
applied to take account of the various causes of loss of work. But we 
should not attach too much importance to this circumstance. It 
appears indeed very difficult, and we may add of no practical utility, 
to arrive at a theory which would enable us to compute any desired 
result, without certain data determined by experimentation in the 
same conditions. A theory which requires a small number of ballistic 
experiments for the determination of a single coefficient, and which 
will then enable us to calculate effects under other conditions, will, on 
the other hand, suffice for ali practical purposes. The most important 
point is to establish the form of the relations which connects the 
obtained effects with the variables, and thus to avoid the use of 
empirical formule which may be incompatible with the nature of the 
laws they are intended to represent. 
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CHAPTER III. 
COMBUSTION OF POWDER UNDER VARIABLE PRESSURE. 


33- In a previous paper,* was established the general form of the 
function by which we are able to represent the combustion of a charge 
of powder. The form of this function depends upon the particular 
manner in which the combustion is effected, in the different cases: the 
progessive ignition of the charge and the combustion of the grain. We 
shall only consider here the particular case in which the conditions of 
loading are such that the period of ignition may be neglected with 
respect to that of combustion. This case is realized in practice in 
consequence of the adoption of large-grained powder for guns of large 
calibre. 

The combustion of the charge is then represented by the same 
function as the combustion of each grain. If we designate by @ the 
weight of the charge, ¢(7) the fraction of one of the grains (supposed 
equal) constituting the charge which is burned after a time ¢, counting 
from the instant when the surface of the grain is reached by the flame, 
we have, for the weight of powder burned after a time ¢: y = m¢(#). 

34. In order to determine, for the various forms of grains, the 
function ¢'(/), we have admitted, with Piobert : 

1st. That all the points of the surface of the grain are reached 
simultaneously by the flame. 

2d. That the combustion of the material is propagated, with a con- 
stant velocity, normal to the surfaces in ignition. 

The first of these hypotheses can be accepted without giving rise 
to sensible error; but the second is certainly not exact. We have 
heretofore stated f that, zero with the pressure, the velocity of com- 
bustion is a rapidly increasing function of the pressure of the medium 
in which the combustion takes place. 

We have thus far neglected this circumstance in the calculation of 
velocities. In order to comprehend that the results thus obtained can 
be but little removed from the truth, it suffices to recall the following 
method which shows the development of useful work in a gun. 

Starting from the beginning of ignition the interior pressure rapidly 
rises, and attains a maximum when the projectile is displaced a very 
small fraction of the length of the bore. It falls subsequently by 


* Part II, chap. 2. t Part II, 17. 
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amounts which, for progressive powders, are little different the one 
from the other for the greater part of the path of the projectile. It is 
during this last period of the phenomenon that the principal useful 
effect is developed. It is conceivable, then, that one can, with a cer- 
tain approximation, attribute to the velocity of combustion a constant 
mean value, by taking, it being well understood, for this element a 
value different from that which is observed under the normal atmos- 
pheric pressure. 

In these new researches we propose to study the initial movement ; 
the influence of the pressure on the combustion is then dominating, 
and cannot be dispensed with. 

35. We find in the “Memoires Scientifiques” of M. de Saint- 
Robert, the complete summary of the experiments which have been 
made on the velocity of combustion of powder under pressures equal 
to or less than one atmosphere. But the extent of these experiments 
is too limited in order to take from them useful data for interior bal- 
listics. Inaremarkable Ztude sur les poudres du nouveau matériel 
de l'artillerie de terre,* M.Castan shows some facts of experiment 
for pressures greater than one atmosphere, and remarks that the 
influence of the pressures on the combustion of powder is made mani- 
fest by the examination of firings under the same conditions. 

If we admit that the charge of a gun is completely burned when 
the projectile leaves the bore, one ought to conclude, from the time 
taken by the projectile to move through the bore, that the period of 
combustion of powder is much less than that observed in free air. 
M. Castan estimates, for example, that a powder of which the velocity 
of combustion is 10 millimetres a second in free air, should burn with 
a mean velocity of 320 millimetres under the variable pressure pro- 
duced in large-calibred guns for naval use. 


* Revue d’artillerie, Vol. 1, p. 105. 
tT It is often useful to have the mean pressure produced in a gun, that is to say, 
the constant pressure necessary to produce an observed initial velocity. It is 
calculated as follows: 
Let vy = the initial velocity, 
m — the mass of the projectile, 
“ = the space passed over by the projectile in the bore. 
1 mv 
— 
dividing by the area of a right section of the bore w, we have for the mean 
pressure 


The constant force corresponding to the velocity v is evidently 


Pt * mv 
” wit 


2 
~ 
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36. We have no accurate data on the form of the relation which 
connects the velocity of combustion of powder with the exterior pres- 
sure. In the course of these researches we suppose that the velocity 
of combustion is proportional to a positive power of the pressure, 

According to this hypothesis, which is besides the most simple that 
one can make in order to represent analytically a function increasing 
with the variable and vanishing with it, if we designate by: 

v, the velocity of combustion under the normal atmospheric pres- 

sure Z, , 

v the velocity under the pressure / , 
a a positive number ; 
we have: 


(38) v=, (<Y. . 


The experiments made up to this date (1877) are not sufficient to 
determine «4 with precision. In the meantime we can conclude with 
certainty that the velocity increases less rapidly than the pressure, 
that is to say, that a is less than unity. 

The following considerations, which, however, we do not state as 
exact, lead to the value a=}. 

37. The movement of the inflaming gases penetrating into the 
interior of the substance of the powder can be considered as placed 
under the action of two opposing forces, which are the exterior pressure 
p, and the resistance of the material, which, arising from the move- 
ment of the gases, is a function /(v) of their velocity. 

These two forces are in equilibrium, since the movement of the 
gases is uniform under constant pressure, and we have the relation, 

p=/ (2). 

This being granted, the resistance /(v), reduced to the unit of mass 
of the gases, is probably proportional : 

1st. To the velocity v, that is to say, to the number of particles of 
the resisting medium which are opposed in the unit of time to the 
movement of the gases. 

2d. To a certain function of the velocity vanishing for v=o, and 
proportionally representing the resistance due to each particle of the 
medium. 

In admitting that this last function should be proportional to the 
velocity, the function /(v) would be proportional to the square of the 
velocity, and it follows from the relation = /(v), the velocity would 
be proportional to the square root of the pressure. 
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38 Before examining the effect of the pressure on the laws of the 
combustion of powder, it is well to recall briefly the divers forms 
which one should attribute to the function ¢(¢) when the combustion 
takes place under constant pressure. This function is generally 
developed according to integral powers of the variable, and in our 
first researches we have supposed it reduced to the form 


t)=at(1+4t+nt?+...), 


a,i,... being coefficients depending on the form and dimen- 
sions of the grain. 

In the researches which follow we will modify a little this notation, 
by putting 


t  : ?? 
(39) eO=U(-it+n ote.) 
(*), 


t being the period of the combustion of the grain, and a, A, #,.. . ( 
coefficients which, in consequence of the new form adopted, are purely 
numerical, aud retain the same value when the grain varies or remains 
similar to itself, the period of time + being alone modified according 
to the ratio of similitude. We give hereafter the values of these 
coefficients for various forms of grains. 

39. 1st. Spherical grains.—When the grain is spherical, desig- 
nating by 7 its radius and by v the velocity of combustion, we have 
the well-known formula, 


gi (Q=1-(1—-4 y, 


or better, observing that r==vz-: 
re 2 
(O=—— Sts: 
Consequently in this case: 
(40) os53, 4251, seet. 
40. 2d. Pierced cylindrical grains.—This form is not used; the 
corresponding formula however presents a theoretical interest, be- 
cause it offers a simplified representation of the law according to 


which the combustion of pierced prismatic grains operates, these 
being the forms for some time used in guns of large calibre. 


* We write — / in place of ~ in the second term of ¥, because this term is 
negative for the various forms of grains used in practice (No. 39 ¢¢ seg.) 
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Supposing the grain to be a cylinder of height 4 and radius r, 
pierced through its axis by a cylindrical hole of radius 7’, we haye 
without difficulty the formula 


eel 2 2.) 2 
OST t5—/ h(r—r') * 
The period of combustion is evidently obiained by dividing by a the 
half of the smaller of the dimensions 4 and y— 7’. Denoting by x the 
ratio of the smaller to the greater of these dimensions we can write: 


t i? 
¢(OH=-(U+24)—-—-—27-° 
From this expression we have the values 
' x 
— | > — ’ a= O. 
(41) a=1+-2, > Fl 


41. 3d. Grains of the form of a parallelopipedon.—A verv in- 
genious theory of Captain Castan has recently (1877) called attention 
to the special properties which may result from the use of grains 
having very nearly the form of a right parallelopipedon of rectangular 
base. 

Designating by «a, f, 7, the dimensions of a grain, the law of its 
combustion under constant pressure is represented by the formula: 


¢()=1 —(: — =e \(1 — =: — = 


or better, by developing : 
as a. f Pie. oft I 8 4s eee 
+) =2(2 + at +e 4v G+it+s P+8e0 oe. 


Letting a be the least of the three dimensions, and x, y the ratios ofa 
to £, y, the period r of the combustion is evidently determined by the 


relation t= — »and the expression above can be written: 
t me ? 
o(Q=A+2+9)——(ety+ay) 5 +295? 
and we have consequently : 
_  £+y+27 xy 
2 a=i1+x is —) z= —_———— 
(42) +et+y i-at+y it-at+y 
When the grain is cubical, these values reduce to the values (40) or 
those of a spherical grain. 
42. Combustion under variable pressure.—Suppose now a grain of 
powder to burn under variable pressure. The flame attaining at the 
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same time every point of its surface, is propagated by parallel surfaces 
with a variable velocity v; consequently the distance which sepa- 
rates, at any instant /, the surface in ignition and the initial surface is 


t : . 
vat in place of vt as in the case of constant pressure. We have, 
for example, a spherical grain radius 7. The initial volume is {=7°; 
7 
at any given instant ¢ the radius has become »— [| vat, and conse- 
0 


quently the volume of powder burned is: 


‘\3 
4 yt—4 “(r— fcat); . ¥ 
3 3 ° 


the function ¢ (7), the ratio of the actual volume to the initial volume, 


: , ee \3 
ip then: v~(t)=1 —(1 _ ff vt) , 


If we admit between the pressure and the velocity of combustion 
the relation (38), it becomes: 


vom Ff Gal. 


— ¥ : : 
since > is the period of combustion under the zormal pressure p,; 


supposing then that + denotes this particular period, the formula above 
can be written : 


o()=1—[1— fe yal. 


It differs only from that relating to the combustion under constant 
ey, a 
pressure by the substitution of the integral p dt for ¢. 


This result is general and may be extended ‘to other forms of grains. 
If then the combustion of a grain under the normal pressure £, is 
tepresented by the function (39), the combustion of the same grain 
under variable pressure is represented by the formula: 


43) v= {GE yeb- ~[Gya+..-], 


and the law of the combustion of a weight @ of powder formed of 
equal grains and ignited simultaneously will be: y= wy (¢). 

_ 43 We apply formula (43) to the combustion of the charge in the 
interior of the gun. 


: — {ee ss 
The force applied to the projectile is m ar dividing by the area 
of a right section of the bore, we have the pressure for a unit of 


surface as follows : _ m dtu 
p= w at* 
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Substituting in (43), we have for the weight y of the powder burned 
in the time /: 


am f/m\* {**/d*u* Af m~* */ a*u\* 
wor SYS ELSI S Sate] 


Putting this value in (17) we have the definite equation of the move- 
ment of the projectile. We examine in the following chapter the 
properties and general laws derived from it. 

44. Calculation of the period of combustion.—In order to calcu- 
late the value of + which enters into these formule, it is necessary to 
know 

1st. The velocity of combustion under the atmospheric pressure, 

2d. The least dimension of the grain. 

The first of these elements has been determined experimentally 
by Piobert for powders of different composition and fabrication, 
The result of his experiments is that, all other things being equal, 
the velocity of combustion of a powder varies inversely with its 
density. We have, therefore, 

ie 

(45) %—=->? 

3 being the density of the grain, and ¢ a constant depending upon the 
composition and degree of dryness of the material. It depends also 
upon the process of fabrication and on the period or duration of tri- 
turation, but the variations resulting would seem to be relatively small. 
We can with a sufficiently general approximation suppose that, within 
the limits of dryness realized in the habitual conditions of fabrication, 
the value of ¢ to be nearly: 

0.200 for powders for war purposes and for English powders ; 

0.130 for sporting powder (the units being the decimeter and the 
second ). 

45. With regard to the least dimension of the grain, it is deduced, 
generally from the density and from the number of grains in a kilo- 
gram. 

ist. Spherical grains.—Let a spherical grain have a radius 7 
and density 4, and WV be the number of grains to the kilogram. 
The weight of a grain is ¢=r*d, and we have: {z7*0.V=1, whence 


(46) r= (=2,,). 


This form of grain is rarely used in practice, but when the form 
and the dimensions of the grains of a charge are very irregular, the 





(4 
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ain can be assimilated to a mean sphere, the radius of which will 


be given by formula (46). 
ad. Grains of the form of a parallelopipedon.—Suppose now a 
grain the form of a parallelopipedon, and let a, f, 7, be the three 
. ° C a 
dimensions, « being the smallest. Put as in No. 41 : =s, —=yp 
i y 
rt y* 3 
We have evidently : ajyisN= on 
ay 


whence 
(2 
(47) om iy 
and when the grain is cubical: 
—(1\t 
(4) ox=( 5) 
These elements being calculated, we a the duration of combus- 
r ° . . 
tion by the formula s = ~- when the grain is spherical or irregular ; 
a . . . 
and by the formula s = = when the grain is cubical or of the form 


of a parallelopipedon. 


CHAPTER IV. 


GENERAL LAW AND PROPERTIES OF THE MOTION OF A PROJECTILE 
IN THE BORE. 


46. We have established in the preceding chapters the general 
form of the equation which gives the motion of a projectile in the 
bore. This equation is as follows : 


(49) (w+) aa): — saw =(5) SS 7) at 
(ay, f (Gat 
m \2 u 
=a) LE Gera] 


where 


u is the displacement of the projectile, 
m its mass ; 


@ the weight of the charge of powder ; 
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w the right section of the bore; 

J the force of the powder ; 

t the time of burning of a grain under the normal atmospheric — 
pressure f, ; 

a, 7,4, » .. numerical coefficients depending upon the form of the grain; 

z the reduced length of the initial air space, calculated by (18) or (19); 

a the exponent of the power to which we have supposed the velocity 
of combustion of the powder proportional ; 

@ the numerical coefficient defined by No. 20. 

The problem of the motion of a projectile in a gun is then reduced 
to finding a function « of ¢ which will satisfy (49), and vanish, with 


‘ Nave ‘ ‘ 
its first derivative F , when =o. The numerical determination of 


t 
this function may be effected by the ordinary methods of approxima- 
tion used in the integration of differential equations ; it requires that 
the numerical coefficients « and @ shall be known. We shall retum 
to this in the succeeding chapter. But, without this determination, 
we may deduce from the form of this equation certain general 
properties of the function « which, from a practical view, appear 
worthy of remark. 

47- Equation (49) depends upon the variables enumerated in the 
preceding number, and changes with the dimensions of the piece 
used and the manner of loading. We shall first show that we may 
substitute for it a system of purely numerical equations, and common, 
therefore, to all cases. 

Let y equal the ratio of « to the reduced length of the initial air- 
space, so that 
(50) u=y2, 
and put, for shortness, 


(51) k= ==(5 D 


(52) Y= f ox Vat ‘ 


equation (49) — eer 
(53) y+" at? r +0 3) Vo ¥ |< Ga 


+5(ayne 
Change the independent variable ¢/ to x, defined by the 2 
(54) x= K*t, 





(6 


(6 
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K being the quantity defined by (51), and # an undetermined expo- 


nent. We have 


eS we. Oy op a*y 
(55) at = K dx dt? = dx’ 


2 
We have also df= K “8 dx. From this, and the value of “2 " 
(55), (52) becomes 


(56) y= KK I (5 de 


or 
(57) y= Kee yy 


if we write 


z wr a? y\4 
(58) X =f (33) ax 
Substituting the values from (55) and (57) in (53), and putting, 


— \ 2 a a © -»(Ga~1)8 
() _r=tt(e— 3h, eme( SE \enme, 


we find, 
dy 2 > = . * ewe 
(60) +14 +0 7 =e" (1 —AcX +e X?+...) 
Determining 7 so as to make ; vanish, which, by (50) gives 


(61) | F 


a 


. 2a—1 
(62) = -(= ay 32a, 

equation (60) is finally reduced to the following, 

(63) nor to( P= XA dex" ns X'4.., 


48. To satisfy this equation, suppose the unknown function y 
developed in a series of ascending powers of ¢, in the form 


(64) YrMtMP OM+..., 


“ ¥2,+.. being unknown functions of +. We have then 


“= ‘ Vo d*y,(a*y\—), ,a*¥.fa*re\—! 
“4 Te dx a) 2 ie ax* 2) +. J 


Developing (3 4] by the binomial theorem, and putting, 
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x= If" (Ge)-4 
* d*y, ( a°y.\*— 
jd dx 3 ade, 


6) 4 xa (ME (SY as 


x 
a(a— d*y, 1* V7, 
+56 a JG ie) Ge) a 
we easily find for sn), 


(66) X= XH eX + PXA+... 


<< dy d’y 
Substituting the values of y, aa’ ae » X, in (63), and equating 





. . . 


the coefficients of like powers of ¢, we have the following system of 
aur 


(+ vat (2 )=x. 


y De. dy, , @*y% ‘ sail 

(ntnS ot 20 "dx + oi n= X,—AX, 
(67) 4 ey re dy 
2 0 4), 
(H+DG at ax dx 


— XxX; —2/ X, X, + fh xX} 





a’ 
ae yp yf ie +! z) 
and it will fulfil all the conditions of the problem if we find a system 
of functions 7, ¥,, %,-.., which will satisfy these equations, and 
vanish with their first derivatives when += 0. 

These equations are numerical, and remain the same whatever may 
be the conditions of fire, for the same system of values for A, #,..+, 
that is to say, for the same form of grain. 

The functions which are determined by these equations may be 
tabulated, as in the case of logarithms, and the circular functions; and 
this labor performed, we can see that (64) furnishes the complete 
solution of the problem. 

49. General formule of initial velocities and pressures.—The dis- 
placement of the projectile « being equal to zy, the velocity 2, and 
acceleration w have the values, from (55) 


— pe? & a > we 
v= 2K , w—zkK ax 








oe of en 26 see 
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To deduce the pressure / on unit surface, we have only to multiply 
w by m, and divide by ». If we replace y by its value (64), we have 
the two formulz 


~B os a. Oe 
(68 om ek' (pepe +...), 
mz phy d*y, 
(69) pa M(t pe Sit...) 


The coefficients of the second member are numerical coefficients 
of x= Kt. These formulz express then the velocity and pressure 
as a function of the time. To express them as a function of the 
distance passed over, we have only to suppose that we have taken 
from (64) the value of x as a function of y in the form, 


(70) KX per, +x, +.. 
and substituted this value in (68) and (69), whose coefficients then 


u 
become functions of y= - We have thus 


on saut[a(t)ton(2)4en(2)4--J 
py pat wrLi(a eos) tent) 


which show the forms of the relations which must connect v and f 
with the various elements of fire. The functions ¥ and / are numer- 
ical; the quantities A, ©, 2, have the values given in (51), (62), (61). 

By giving to « a value equal to the initial distance of the base of 
the projectile from the muzzle, (71) evidently becomes a formula for 
initial velocity. 

50. Similar guns.—Two guns are similar when all their homolo- 
gous linear dimensions are proportional to their calibres. The reduced 
length of the chamber being then proportional to the calibre, the 
quantity z, which is itself proportional to the former, varies in the 
same ratio; the cross section of the bore » is proportional to the 
square of the calibre. 

The similitude is extended to the loading when the weights of the 
powder and the projectile are proportional to the cube of the calibre, 
and when the grains of powder have the same form and dimensions 
proportional to the calibre. Consequently, the coefficients a, 4, ,... 
must have the same value, and the time of combustion + must vary, 
between the two guns, proportionally to the calibre. 
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When these conditions are fulfilled the relations (51) and (62) show 
that A® varies in inverse ratio of the calibre, and that ¢ is constant, 
It results, therefore, from (71) and (72) that the values of v and p are 


u 


equal for equal values of --, that is, for values of x proportional to 


~ 
~ 


the calibre. 

This principle follows : 

ln similar guns, similarly loaded, the velocities and pressures cor- 
responding to distances passed over proportional to the calibres, are 
equal, 

This principle requires that the duration of combustion shall be 
proportional to the calibre; it ceases to be applicable if, all other cir- 
cumstances of similitude being observed, the powder is the same in 
the two guns. The equality of the velocities and pressures then no 
longer exists, contrary to the opinion which is very generally held, 
Consequently, the empirical formulz, established upon the hypothesis 
of this equality, are not exact; we shall see further on that the error 
committed by their use, even in guns which are nearly alike, may be 
quite large. 

51. The principle of the similitude of guns being of great import- 
ance in practical applications, it has been thought better to deduce 
them from the fundamental formule in their most general form. In 
the researches which follow, we shall simplify the formulz by limiting 
the number of terms considered. The quantity « being generally 
quite small, we may admit that the series (71) and (72) are very con- 
vergent, and that the first two terms give a sufficient approximation, 
similarly to what we have already stated in our first researches, in 
deriving the expression which gives the initial velocity when the effect 
of the variation of pressure upon the combustion of the powder is 
neglected. 

The formule are thus greatly simplified, and we may, moreover, 
introduce, in explicit form, the coefficient 4, which, as well as 4, 
depends upon the form of the grain. 

52. Consider the development (64) which expresses the displace- 
ment of the projectile as a function of the time. The first term, J, is 
defined by the first of (67); which, as has already been remarked, is 
purely numerical, and does not depend on either 4 or... The 
coefficient y, of the second term satisfies the second of (67). Replacing 
X;, in this equation by its value in (65), we easily see that all the terms 
containing the unknown quantity are /inear. Moreover, the term 





~~ ss -—(i rr! ie 
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which is independent of the unknown quantity, being proportional to 
i, it is clear that y, is the product of 4 by a numerical function of x. 
The second term of (64), and consequently the second term of (70), 
are then proportional to 4. We have the same results also evidently 
for the developments (71) and (72), whose second terms are equal to 


ie a ~ u 
the product of 4 by functions of ~ 


These functions are, moreover, pusitive. In fact, if the combustion 
of a grain under constant pressure were uniform, the coefficients 
i, m,..., would vanish; and the series (71) and (72) would be re- 
duced rigidly to their first terms. But the combustion is not uniform 
in possible shapes of grain; on account of the progressive diminution 
of the surfaces of emission, the gas is formed with a decreasing 
velocity ; this causes a diminution of the initial velocity and of the 
rate of increase of pressure in the space passed over. We may then 


M(t )a—n(2). A(2)=—(2). 


ea ee ie eal . u ' 
¢,, ¢ being increasing functions of —-- If, to make the notation sym- 


metrical, we write ¢, and ¢, in place of F, and /,, formule (71) and 
(72), reduced to their first terms, become, 


@) = e=2k*[ a F)—on(£)], 
(na) ous Ke [ eof =) die cigs ( =) ] , 


whence we derive several important consequences. 

53. Formula of pressures.—Consider first (74), which gives the 
pressure. 

The maximum pressure, which is what endangers the gun, is 
generally when the shot has moved a small distance only; the value 
of p may at that point be reduced to that of its first term. We have 
then 


(13) p=™ x*o(=). 


The function ¥ is purely numerical, and entirely independent of the 
elements of fire. Let 4 be the value of the variable which corresponds 
with the maximum, and let A be the value of the maximum. The 
maximum pressure in the bore is then, 


(76) P=A— K*, 
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or, recollecting the values of X and . in (51) and (61), 


mz ( faw \5s; 5—2a. 
(77) P=A=— ay eee fon\ (2) 


Expressed in atmospheres, the pressure is 


m. 5G) 


54. We have called 4 the value of the variable for which ¢ (*) 
isa maximum. The corresponding value of the displacement is 


u— bz. 


We therefore see that, in the degree of approximation adopted, the 
displacement of the projectile corresponding to the maximum pressure 
is proportional to the reduced length of the initial air space. The 
only elements of fire upon which its value depends are then, by (18), 
the reduced length of the chamber, the density of loading, and the 
density of the powder. 

This depends upon the supposition that the expression for the 
pressure is reduced to its first term. It ceases to be the case if the 
second term may not be neglected. This may become the case from 
the use of rapidly burning powders; the value of « (62) increases as 
t decreases. 

The value of y= = » corresponding to the maximum of f, may be 


obtained by putting the first derivative of ¢, (7) — ©A¢, (y) equal to 
zero. We thus have, 

(79) a -e¢' (y)=0. 

Let 6+ #6 be the root we wish to find; we have then 


', (64- 66) — cad’, (6+ 06) =0. 


Considering 44 a quantity of the first order, noting that ¢(46)=0, 
and neglecting the quantities of the second order, we have, 
y’, (d) : 


(80) Oa el d’,(b)’ 


¢”",.(6) is negative because (4) is a maximum, ¢’, (4) is positive 
because ¢, is an increasing function; therefore 44 is negative. Con- 
sequently the displacement corresponding to the maximum pressure 
is less than 4z, which is therefore a superior limit. 
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The maximum pressure is a little less than that given by (76). In 
fact, for the value 4 4-94 of the variable, the function ¢,(_y) —<A¢, (_y) 
is reduced, by neglecting the small quantities of the second order, to 

di, (6) — edd, (8). 


This value is less than ¢,(46)——-A. In fact, the influence of the 
second term seems generally small, and (76) and (77) give the pres- 
sure with a sufficient approximation for practical purposes, as we shall 
see later. 

55. Formula for velocity ——On the contrary, the two first terms 
must be retained for the initial velocity, which corresponds nearly 


always to a value of > decidedly larger than the one correspond 


ing to the maximum pressure. Upon the ratio between these two terms 
depends the influence of the form of grain upon the relative values of 
the velocities and pressures. We shall treat this matter more at length. 
The formula for velocity, reduced to two terms, when A and « are 
replaced by their values, oageenes 


x) om s(L82,)e(-ME) = “[-@) 
Af fam a z ‘ 
4 (45) (S)=-(2)]. 


This is somewhat complicated ; and it will be simplified greatly by 


taking (see No. 37) «= 4}. For the moment, however, we shall 
leave it in its general form, in order to deduce some consequences 
without putting any unnecessary restrictions upon it. 

56. Influence of the nature of the powder upon its effects. 

ist. Pressures.—All other elements being the same, the maximum 


pressure depends upon the nature of the powder; by (77) this 


element enters in the quantity ~+ which depends upon the three 
variables /, a, and - 

f is the force of the powder. If we suppose it given by (2), it is 
evident that it is proportional to the ¢empPerature of combustion of the 
powder, and to the volume of permanent gas generated. We may 
then consider that its value depends principally upon the composition 
of the powder used. 

@isa number which depends only on the form of the grain. Its 
value has been given in No. 39, and the following numbers for the 
ordinary powders. 
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- is the time of combustion of a grain of powder under normal 
atmospheric pressure. It may be found by dividing the least dimen- 
sion of the grain by the velocity of combustion ; the latter varies, as 
is known, according to the manner of fabrication. 

It results then that if these three elements vary in such a way as to 


Ja - ; 
keep ~— constant, the maximum pressure will be constant. 

57. 2d. /nitial velocities —Equation (81) shows that the initial 
fa ee 
velocity depends not only upon ~_-> but also upon — > 4 being a 
second number which, like a, is characteristic of the form of the 

grain. 
We see also that the formula for velocity consists of two terms. 


The first alone would remain in the ideal case where the form of the 
grain was such as to make the combustion wzz/orm under constant 


. 4 ss f 
pressure. The second term, proportional to —, is subtractive, and 


represents the effect of the decrease of the velocity of emission which 
is caused in all possible forms of grain. 

It is evidently advantageous to make this term as small as possible, 
and our formulz show clearly that, if several powders produce the 


same maximum pressure under the same conditions of fire, that for 
; =e , :; 
which the quantity — is least gives the greatest velocity. 


58. Consider, for example, two powders having the characteristic 
elements, Gy Fe Be We 
w", , a’, i, 
If we suppose that 
fa ‘a’ 
(82) fe —J%, 


the maximum pressure is the same and the ratio of the subtractive 


Ul 


terms is < : If this ratio is<1, the second powder will give a 
greater velocity with the same pressure. 

59. Influence of the force of the powder—Suppose that the form 
of the grain is the same for two powders, so that a’ =a, 4’ =4. The 


equality of pressures is realized if 
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and the ratio of the two subtractive terms is then ‘ * Consequently, 
the strongest powder gives the same maximum pressure and a greater 
velocity. 

It seems impossible to vary the force of powders of the nitrate of 
potassium class of powders by varying the proportions. When they 
are varied, the heat of combustion and the volume of gas vary con- 
siderably ; but experiment shows that the product of these two quan- 
tities, which is an approximate measure of the force, varies very little. 

We obtain much more force by using the picrates; which, with 
equal weights, evolve more heat and more gas than ordinary powder. 

This essential condition was probably not realized in certain cir- 
cumstances in which picric powder was observec to exert a danger- 
ous energy. The fore; * considerations indicate that they may 
be less destructive t~ i: orclinary pov der, ° *ce, as they can give a 
greater velocity with | se same pressure, t.«y «.n probably give a 
lower pressure with the same velocity. 

60. Jnfluence of the form and dimensions 0, ‘he grain.—Consider, 
secondly, two powders which are equally strong: but which differ in 


the form and dimensions of the grain. Putting “= /’, the condition 
of equality of pressures becomes 
a a’ 


and the ratio of the subtractive terms of the velocity is 
, 
Aa 


(83) - 


Aa 


For the spherical or cubical grain, we have (Nos. 39 and 41), 


Let us compare this grain with other possible forms. 

ist. Cylindrical pierced grain.—This grain has two dimensions: 
height and thickness. Calling « the ratio of the least to the greatest, 
we have (No. 40), 


’ , x 
ee s . ret” 
a +. t, A Ii+x 


The ratio (83) has then the value 


(84) SF 
(1 + x)’ 
This function of x is a maximum for x= 1; its value then being $. 
Consequently, by using cylindrical pierced grains of equal height 
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and thickness, the subtractive term corresponding to spherical or 
cubical grains may be diminished by one-fourth of its value. If its 
absolute value is 100 meters, for example, we would gain 25 meters 
of velocity without increase of maximum pressure. The gain in- 
creases for decreasing values of «; if we take 2—}, the subtractive 
term is diminished by one-third; and, supposing the same absolute 
value of the velocity, the increase is about 33 meters. 

2d. Grains of the form of a parallelopiped.—Calling « and y the 
ratio of the least side to the two others, we have (No. 42), 


a ae 


and the ratio of the subtractive term to that for the spherical or 


cubical grain is 
(86) 3(4 hy +9) 
(r-+2+ 7) © 
If the grain has a square base, we have y=; and the above 
ratio becomes 
3(2x% + 2°) 


(87) (142s) 


This expression diminishes as x varies from 1 to 0, but the change 
is somewhat slow. When two dimensions of the grain are double 
the third, 2 =}, and the value of the ratio is }}. The velocity there- 
fore increases by rs of the subtractive term corresponding to the 
spherical grain. Supposing this term 100 meters, it is about 7; it 
becomes 16 for +=}. 

The advantage of flattened grains over those which are spherical 
or cubical seems then real; but the advantage appears to be less than 
in the case of grains which are pierced. 

61. Theoretical force of some powders.—The numerical applica- 
tion of the preceding theories requires that the velocity of combustion 
and force of the powder shall be known. 

The velocity of combustion must be observed under the normal 
atmospheric pressure, .760m. It has been determined for a great 
many powders by Piobert, and the figures he has given may still 
give a sufficient approximation in many cases. In No. 45, some ex- 
perimental results, which will give at least an approximate value of 
this element in the ordinary conditions of practice, are given. 

The processes of fabrication having, however, been greatly altered 
since the time of Piobert, it has seemed advisable to undertake new 
experiments with the new powders. 
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The force of the powder is the element whose direct determination 
offers the greatest difficulties ; there is no experiment which gives its 
yalue with certainty for any powder. 

In the want of more precise data, we present the ¢heoretical values 
which we derived with M. Roux from the experimental determina- 
tions made at the Dépét Centrale des Poudres et Salpétres. These 
values were deduced, by (3) of the first chapter, from the tempera- 
tures of combustion and the volume of the permanent gas. 





eines pose — a Volume Force of 
Kind of powder . — of gas. the powder. 
. e Zo vo F 
Nitre. Sulphur. Charcoal. degr liters 
Fine sporting powder, . 78 10 12 4654 234 412000 
Cannon powder, 75 [2.5 12.5 4360 261 431000 


Small-arm powder, called 


ee » « 74 105 15.5 4231 280 448000 
Commercial powder, 72 #13 15 4042 281 430000 
Ordinary blasting powder, 62 20 18 3372 307 392000 


The units taken are the kilogram and decimeter. Consequently, 
according to the definition of the force of a powder, the figures in the 
table express in kilograms the pressure per square decimeter of the 
permanent gases of a kilogram of powder, occupying, at the tempera- 
ture of combustion, the volume of one liter. 

The figures of this table confirm what was said in No. 59 concern- 
ing the equality of the force of powders which have been differently 
made. 

62. If according to No. 37, we take the velocity of combustion of 
powder to be proportional to the square root of the pressure, we put 
a=? in the preceding formula. We thus obtain new and very simple 
expressions which, as we shall see later, appear to represent accurately 
facts and the results of experiment. 

63. Formula for pressures, when a= %}.—Replacing a by 4, and 
z by its value in (19), equation (77), for the pressure, becomes, 

(88) Putte ee? 

tw Lp, (e— 4) 

where 

J is the force of the powder, 

t the time of burning of a grain under the pressure /,, 
w the right section of the bore, 

m the mass of the projectile, 
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@ the weight of the powder, 

4 the density of loading, 

é the density of the powder, 

a a numerical coefficient depending upon the form of grain, 

A an absolute number whose value is independent of the elements of 
fire, and of the units chosen. 

64. Determination of A by experiment.—To determine A theo- 
retically, it would be necessary to integrate the first of (66), and 
deduce a table of values of the function ¢',, of which A is the maximum. 
This determination, which, however, will be effected later, is not neces- 
sary. The essential form of the function which gives the maximum 
pressure being fixed, we have only, to determine A, to measure the 
pressure in known conditions of fire—a single experiment is enough, 

The following is an example of this determination by means of a 
navy gun of 24 centimeters; Wetteren powder was used (13 to 16 
millimeters). The values of the various quantities on which the 
pressure depended were as follows (kilogram, decimeter and second 
being the units taken) : 





J = 431000* a= 3t ™= 0.6] 
= 144 S = 2, 4= .762, 
3 = 1.80, po = 103.33 » = 4.604 


In these conditions, the mean of three manométres a écrasement in 
the powder chamber gave 2300 kilos per squarecm. We have, there- 
fore, P = 230000; from which we have the value 


A=0.703. 


It would be of interest to determine this coefficient by means of a more 
accurate instrument. This might be done by the use of the instrument 
lately invented by MM. Déprez and Sébert, and Captain Ricq. 

65. Pressures produced by the same powder in similar guns.—In 
passing from one similar gun to another, m and @ vary as the cube of 


* This value is the one which, in table in No. 62, belongs to cannon powder, 
whose elements are in the same proportion as in the Wetteren powder. 

tThe grain being irregular, it was assumed that the value of a for a sphere 
could be taken. 

t This value is obtained by taking a velocity of combustion of 11.7 mm. per 
second, and calculating the mean radius of grain by (46), with the values 
N= 350, d= 1.8. 

§ g=— 98.09 d. { The calibre is 2.42 d. c. 
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the calibre, and as its square ; the density of loading J remains the 
same. Ifthen the powder is the same tor the two arms, + does not 
change; and we see, from (88), that the maximum pressure varies 
proportionally to the calibre. Consequently, we may lay down the 
following law : 

In similar guns, charged with the same powder, the maximum 
pressure is proportional to the calibre. 

This law may often be made of use. For example: experiment 
has shown that the maximum pressure developed by Wetteren 
powder (13 to 16 mill. grains) in a 24 cm. gun is about 2300 kilos per 
square cm.; from which we conclude that the pressure of the same 

‘ie 14 , 
powder in a 14 cm. gun will be 2300 X 2 = 1340 kilos per square 
cm. about. 

66. Formula for velocities in the hypothesis, «== 4.—Putting «= 4 
in (81), we find ; 


(89) o=(<) (= Evel (=) — (Ee =) 


To apply this formula, the functions ¢, and ¢, must be known, or 
(67) must be integrated. But, without this, we may derive from (89) 
an approximate formula for initial velocities which may be useful. 

67. Approximate formula for initial velocity.—The empirical 
formulze by which initial velocities have been determined have gen- 
erally been monomia/. The form is much the simplest for calcula- 
tion by logarithms, and it is not incompatible with the form which 
theory indicates, since any function may always, within certain limits, 
be considered as nearly proportional to a properly chosen power of 
the variable. 

Adopting this method, we see that the quantity, 


n(2)—= Cp.) 9G) 


hich j : , — ;2 ; , 
which is-an increasing function of -—-and a decreasing one of 


mz i ;, — : 
" ( =) , may be considered, as an approximation, as proportional 


to a positive power ;’ of the first of these variables, and to a negative 
power —y of the second. We may then, calling 2 a numerical 
factor, replace it by an expression of the form 


“CICY 
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Consequently (89) becomes 


, ( fam} ( mz \i—*y/ c\1f u\y. 
(go) via B 4 ) . ; 
TI \ OP, V4 » 


where 7 and 7’ may be determined by experiment. We shall return 
to-this point in a special work. 

Supposing that 7 and /’ are known (90), enables us to evaluate 
numerically the influence of the various elements of fire upon the 
effects obtained. It exhibits, in particular, the proper influence of 
the characteristics of the powder used. This last, it appears, could 
hardly be obtained by any purely empirical method. 

We shall now deduce from (90) some consequences which seem 
worthy of remark. 

68. Initial velocity attained by the same powder in similar guns.— 
In similar guns, # and 2 vary with the calibre, » as the square of the 
calibre, and m and @ as its cube. Also, a, +t and A remain the 
same; we therefore conclude that the initial velocity varies as the 
; — T power of the calibre. 

69. Lnitial velocities attained by different powders giving the same 
maximum pressure.—Consider two powders having the characteristics, 


In the same conditions of fire these powders would give the same 
maximum pressure if their characteristics satisfy the relation (82), 
fa J'a 


— 7 


; 


Chis being fulfilled, formula (90) shows that the corresponding 
initial velocities are connected by the relation, 


a / j-’" Ny 
ua =( , ’ 
v \ A T 
’ r , 
. Tt J a 
or, since = a 
T ja 
a f'a’ AN y 
gi te . 
(91) il OT, ) 


We may thus compare various powders, and ascertain what in- 
fluence the force of the powder and form of the grain exercise. 

70. Maxima pressures produced by different powders giving the 
same initial velocity.—Consider, secondly, two powders which, in the 
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same conditions of fire, give the same initial velocity, and let us 
compare their pressures. 
According to (90) the equality of velocities requires the condition 


Ji tf t \? ‘a Ni fe 
( *) (=F ) (3 y. 
whence i Ae ie 
(9?) r me( 45)? (4  <one 


Also, from (88) 
| ad ar. 


Pr far 
consequently, recollecting (92), we have 
” ai’ \ 
(93) “-=(4%_)R5. 
% P favs 


71. Approximate value of y.—In order that (91) and (93) shall be 
of any practical use, we must know the value of 7 at least approxi- 
mately. 

Its value may be found from certain experimental data. Experi- 
ments made at Gavre with a 24 centimeter gun show that the initial 
velocities reached with projectiles of different mass, all other elements 
of fire being constant, vary inversely as the ;4ths power of the mass 
of the projectile. 

Admitting this, it follows from (90) that we must have nearly 


i—2a I! 
4 10) 
and consequently, ws ». 
hee 
We have then 2y 3. 
i——” 8 


and (91) and (93) become 
rh f'ah | 
(94) = os] 
v Jaa 
a fai’ \j 
(95) > =( reek 
f Fe aa 
Equation (94) enables us to compare the velocities given by 
powders having the same maximum pressure; the condition of 
equality of pressures is expressed by the equation, 


(96) fa 
ja 


J, 
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Equation (95) serves to compare the maximum pressures caused by 
powders giving the same velocity. Putting y= 15 in (92), we see 
that the characteristics of the powder are then connected by the rela- 


tion, 


; t fa if XN! 
(97) 5=(47) (+) , 


The various formulz which precede can only be considered as ap- 
proximate, owing to the uncertainty in the value of 7. We have 
found the value y = ,s from the exponent of the variable m in (go); 
now, it is easy to see that a very slight variation of this exponent will 


7? 
cause the value of y, and particularly that of > to change con- 


siderably. 
Notwithstanding this, we believe that the relations furnished by 
theory may, with advantage, be applied to the study of ballistics, in 
place of the formule hitherto used, which have all been empirical. 
72. To give an example, we shall compare the effects of two pow- 
ders of the same make and differing in form and density of grain. 
Take two powders, the grains of one being spheres and those of 
the other parallelopipeds. In the latter, let the base be a square, and 
the side of the base double the height. We have: 
1st. For the sphere, 
a= 3, 4=— 1; 
2d. For the parallelopiped, 
@é=2, 4==}. 


We therefore have from (94) and (95), 
v ( 16 rT 
= = 1.020, 


vy” \I5 

P’ 16 \3 3 
— sore = .co8. 

P 15 , 


By the substitution of the parallelopiped for the sphere, we may 
therefore increase the velocity by ss about without changing the pres- 
sure, or diminish the pressure by about ys without changing the 
velocity. 

In the first case, the ratio of the times of burning are, from (96), 

a F 


s 


oe 


and, in the second case, from (97), 


ee SS | 
5=(2)'(B)'=1.362. 
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From the ratio of the times of combustion, we can deduce the num- 
ber of grains to a kilogram. 
For the spherical powder, let 
r be the mean radius of grain, 
3 the density of the powder, 
y the velocity of combustion, 
Nthe number of grains to the kilogram. 
We have from No. 45 


r / 


= 
‘=— r—( “s ) : 
v \ 476 
Similarly for the second powder, calling 4’, v’, Vv’, the homologous 
parts to 3, v, N, and «a the height of the grain, we have from No. 45, 
¢ \ l 


: Z ( I ; 
Y=s—;  e=e( san) ° 
2v 40 A ) 
The material of the two powders being the same, we have v’ =z, 
# = 4, and consequently 
t N™4} 
7ma( £5)" 
T \ zNV 
We deduce from this expression, and from the two values of 
=; above, that, 
ist. To obtain the same maximum pressure we must have 
N’ 
5 SSO.44...; 
AN 44 
2d. To obtain the same velocity, 


r 
N = 0:33 ++> 


73. Application to a particular case.—Wetteren powder (13 to 16 
mill. grains), fired in the navy 24 cm. gun, in the ordinary conditions 
of preuves de réception, gives about 437 meters velocity and 2500 
kilos per square centimeter pressure. 

The grains of this powder are irregular, and the mean number of 
grains to the kilogram is 350. Suppose that we substitute for it an- 
other powder of the same material, but whose grains are parallel- 
opipeds with square bases and heights } the side of the square. 

It results from what precedes : 

ist. That, if the number of grains to the kilogram of the new 
powder is 350 X .44—=154, 
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the initial velocity will be 
437 X 1.02 446 meters about, 


the pressure being the same as that of the Wetteren powder. 
2d. That, if the number of grains to the kilogram is 


350 X .33 = 115, 
the maximum pressure will be 
2500 X .g08 = 2270 kilos about, 


the initial velocity being the same as that given by the Wetteren 
powder. 

These results would be changed if the constants /, 4, v, differed for 
the two powders. The general formulz, however, will permit our 
calculating the effect of these elements. 

We shall return to these questions of application, which seem to 
have a certain importance from a practical standpoint. 


CHAPTER V. 
NUMERICAL DETERMINATION OF THE AUXILIARY FUNCTIONS. 


74. We have seen (No. 47) that the theoretical study of the 
movement of the projectile in the interior of a gun should be amended 
by the determination of certain functions purely numerical. These 
functions, which may be termed aua«z/iaries, are those which we have 
ave remarked 


designated (No. 48) by the notation y,, 7,, ¥.,... We 
that they consist of special transcendentals, the complete numerical 
determination of which would permit the theoretical solution of all 
the problems relating to the firing of any gun, whatever may be the 
variable elements of the firing. 

Che auxiliary functions are defined by equation (67). It does not 
seem possible, in the actual state of the resources of analysis, to deduce 
the explicit form of the unknown functions of equations where they 
are involved not only under the characteristics of differentiation, but 
also under the signs of integration. 

But we can apply to these equations the methods used for the 
numerical integration of differential equations. The application of 
these methods leads to long and laborious calculations, but does not 
present any theoretical difficulty. We will explain it briefly. 
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75. Determination of the function y,.—We have designated by y, 
that one of the auxiliary functions which forms the first term of the 
development of the space traversed by the projectile as a function of 
the time taken to travel this space. It is defined by the first of 
equations (67), which we reproduce below, replacing X, by its value 


(65) 


8) (nt Sto B) = f"(Bry ae. 


It should vanish also, as well as its first derivative for the value «=o. 
For small values of 2 we satisfy the equation (98) and also the initial 
conditions by putting : 

< ax" + bx"+cx?+.. 

os 


m1" amelie a eis, cui 


oi * e4 


b 
A= oe age (m+ 2)" (n+ 1)(n4+2)°~ 
+Ganets: eel 


a,b, ¢,... m,n, p,... to be determined. Substituting the values 
(99) in equation (98) and identifying, we find for the exponents, 





. I — 20 -- l 
(100) a= : n=‘ : p=l 4 
I— I—a — 
and the coefficients a, 6, c,. .. are given by the equations 
I 
sx 
mm’ 
a +5 a’ Lm , 
101) ” _ 
— (m -+- 1)(m + 2) + (m+ 1) nl 
ab ab ab 
t 2¢ 
(m +-1)(n + 2) atiynt+ayt’r (m+ 1)(2-+ 1) 
“am ‘a (a4— I)m b 
_— p 2p ” @i 


The series (99) are very convergent for values of a less than unity. 
We can also deduce from them the values of y, and of its derivatives 
for x =1, but beyond x =1 they become rapidly divergent, and it 
becomes necessary to have recourse to Taylor’s Theorem. 

Cin dy, 
dx* dx 


76. Suppose the functions > y calculated for a given 


value of x, the variable. 
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The increments of these functions corresponding to the increase 4 
of the variable are given by the known developments : 


ad*y d’*y h®? d‘y, h® d’*y, 
(J —_— 0 , 3 2 4 
ane hie ar > fw ax +... 





dy, d’ y, h® d*y, h® d‘y, lé dy, 
teed 3 . dx =e v 2 det 6 dx Tq dei tee 
on ay, h® d*y, h® d*y, 
Sy,=h d= + ed ade . dv 
h* d' Vo h® a Vi 
L Vag dx Vino de to 
In order to make the calculations it is necessary to have the deriva- 
tives of y, of a superior order to the second. Differentiating several 
times equation (98) we obtain the system, 
d*V, dy, ad’y, ‘d*¥0\* 


(+1) dx* T(t +29) dx dax* = (a 
d*‘ Joy dy, eee dy, 
(HED Gara) 7 ge tute (G2) 


ad v¥,\*—1 da’ Ve 
103) 4 = «(2 ) ‘ae’ 
1°, = a ‘Vo 'y, d'% 
aa + (3 + 24) ax* + (4+ 69) 92. dx’ 


d*y,.\*—? d*y,.\*—1 d‘y, 
is at ie) G dx a+ dx ) dx!’ 


Re ‘ 


ad‘) 
0 c 
p= the second TA and so 
os ae 


on for functions of derivatives of superior order. We can then cal- 
culate all the coefficients of the developments (102). 

We deduce the values of y,, - , a “ » for the value x +A of 
the variable; next those corresponding to x + 2h, and so on, step 
by step. 

We can also, following the degree of convergence of the series 
(102), supposed to be reduced to the same number of terms, modify 
the numerical value of the increase 4 of the variable. 

77. Passing to the numerical calculation it is necessary to have given 
the values of aand @. We have made the calculation, supposing « to 
be 4, according to No. 37, and = }, following the second hypothesis 
of No. 20, and we have formed the following table, giving the cor- 
responding values of y, and of its first and second derivatives. 





L 


The first of these equations gives 
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VALUES OF 


" , ayo dly,, 
, ~ ax adx* 
1.00 0.021 0.082 0.242 
1.25 0.050 0.158 0.363 
1.50 0.102 0.264 0.485 
1.75 0.184 0.399 0.591 
2.00 0.303 0.557 0.666 
2.25 0.464 0.729 0.704 
2.50 0.668 0.906 0.709 
2.75 0.917 1.082 0.690 
3.00 1.208 1.250 0.657 
3.25 1.541 1.409 0.617 
3-50 1.912 1.558 0.574 
3-75 2.319 1.697 0.533 
4.00 2.760 1.825 0.494 
4.50 3-731 2.055 0.427 
5.00 4.809 2.254 0.372 
5.50 5.981 2.429 0.329 
6.00 7-235 2.584 0.294 
6.50 8.562 2.724 0.265 
7.00 9.956 2.850 0.241 
8.00 12.925 3-072 0.205 
9.00 16.095 3.263 0.179 
10.00 19.443 3.421 0.158 


78. Determination of the function y,.—The function y, furnishes 
the second term of the development (64). It is defined by the second 
of the equations (67), in which by replacing X, and X, by their values, 
(65) can be we 


Dr ed a* Vo 


ne d¥y, dy, — wr d’y, 
or ry én) f(t 2a]. 


The function y, should s foe this equation and should vanish, as also 
its first derivative for «=o. 

In order to determine it numerically we proceed as in the case 
of yy. ‘ 

For small values of +, y, and its first and second derivatives are 
represented by the developments (99). Equation (104) is satisfied 
then by representing the ratios of y, and its derivatives to 4 by analo- 
gous developments, that is to say, by putting 
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(1 dy, 





; Sax + av fax... 
I dy, a, 4, 
© anil = ——- — ati ma, +1 
A dx m,+1* Fite 
10S) < tn ei, > E 
(105) aan +.. 
i. — = a 
A I= we 1m, 4-2)" 
my +2 
t Ce SC) a 
@,, 5, O,,..+5 My, Mm, ~pi,...to be determined. Substituting the 


values (99) and (105) in the equation (104) and identifying similar 
powers of x, we find the following values of the exponents : 


(106) m,—=2m, n—=n+m, ~p=—p+m, 
and recollecting the values (100), 

— & an Gg i __ a= 40 
(107) sae Sse’? Oe: 


The system of equations which determines the coefficients a,, 6,, 
¢,,... is the following 


(m+ 


aa*— abaze—! 
(108) 4 sat r(1— 0 - 4 —=0 


mn 
Bact Chpe((1—" ) + D=o: 

\ 
putting for brevity : 


aa*—1 





20 
A=| ax og so a - 
a(a— 1)0a*— 
tot nom tal : n 


Bes rs Ti + 1)(m,+ 1) 


| 
| I p< 
} 





tie + 1)(m, + 2) A: 


I a(a— 1(a— 2)6 a*—3 


’ 


I ; , 
— a 2¢ 
Wiesmetatatiat nail 
I ala—  1)0a*— 
+aanmrel—— a 


pee" a(a—1)sa%*—?2 a qte«—2 
\ = mp mp + n° . 
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dy, 


‘ ; d*y 
These formule permit the calculations of y,, d : for x= 


x’ dx 
and for inferior values of the variable. 

For values of x greater than unity the series (105) becomes rapidly 
divergent and cannot be employed. 

It is necessary then to calculate by formula (102) the increments of 

dy, d’y, .; ; , 
increase of 7, aot 2g? corresponding to the increase 4 of the 
variable. This calculation supposes the initial numerical values of 
derivatives of superior order to be knowa, They are obtained by 
taking the successive derivatives of equation (104). 

The problem is then theoretically solved, but the numerical calcu- 
lations being very long we have omitted them. This calculation also 
offers no real interest after we have fixed with some certainty the 
numerical values of the coefficients ¢ and @. 

We hope to return again to this subject, and in the meantime pre- 
sent here some supplementary remarks on the function y,, of which 
we have given the complete numerical calculation. 

79. The numerical determination of y, permits the establishment of 
the laws of the initial movement of the projectile, since in the first 
instance the value of the first term of the series which represents the 
displacement is preponderating. 

It should also be remarked that an error in the value of @ has not 
then a very sensible influence because of the relatively small value of 
the second term of equation (98). 

The table of No. 77 can then furnish some useful indications of the 
law which regulates the interior pressure near the maximum, which 
is produced as we know when the projectile is displaced only a frac- 
tion, generally very small, of the length of the bore. 

In view of these applications, it is convenient to change the inde- 
pendent variable, and to form a table of the corresponding values of 
d’y 


oO 
qe and 4. 


: : — : u 
We obtain thus the numerical determination of the function da : ) 


which, according to formula (75), serves to calculate the pressure 
p corresponding to the space # passed over by the projectile. 

This calculation offers no difficulty. It is effected very simply by 
constructing, by the aid of the table of No. 77, a curve having for 


: , :' : d*y 
abscissae y, and for ordinates the corresponding values of at We 
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deduce graphically by this interpolation the figures of the following 
table: 


O.1 0.480 0.6 0.710 1.25 0.651 
0.2 0.605 0.7 0.705 1.50 0.621 
0.3 0.665 0.8 0.700 1.75 0.590 
0.4 0.693 0.9 0.692 2.00 0.563 
0.5 0.700 1.0 0.680 2.50 0.513 


It is superfluous to prolong this table for greater values of y,; the 
influence of the second term which depends on y, becomes more and 
: d* y. a.” 
more sensible, and the value of FP ceases to represent the interior 
pressure with a sufficient approximation. 
We recollect that the variable _y, represents, in the order of approxi- 


‘ =< : tie 
mation adopted, the ratio > of the displacement of the projectile to 


the reduced length of the initial air space, which is calculated accord- 
ing to (18) by the formula: 


4 
z=u\ 1—-~> }: 


in which we designate by 
u, the reduced length of the powder chamber ;* 
4 the density of loading ; 
é the density of the powder. 

80. Maximum pressure, displacement of the projectile—We see by 
an inspection of the curve which serves to establish the preceding 
table : 


s 


; d*y,. 
1st. That the maximum of —-=, is equal to 0.710; 
ax q / ’ 


2d. That the corresponding value of y, is very nearly 0.6. 

The first of these results shows a remarkable verification. The 
maximum value which we find theoretically equal to 0.710 is that of 
the coefficient A of No. 63. Now in determining this coefficient by 
the aid of the experiments furnished by the firing of a 24 centimeter 
gun, we find A =0.703, a number which differs very little from the 
preceding. 

If, then, in the circumstances of firing in question, we admit 4 
priori formula (88), attributing to 4 the theoretical value 0.710, and 





* Defined in No. 18. 
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to the quantities / and = the particular values of No. 64, the calcula- 
tion gives for the maximum pressure a value which differs very little 
from that obtained by the use of crusher gauges. 

Again, the theoretical value of /, deduced by formula (2) from the 
temperature of combustion and from the volume of the permanent 
gases of the powder, and the value of + being the duration of com- 
bustion of the grain under the normal atmospheric pressure, we con- 
clude that theory permits us to compute the maximum pressure, in 
this particular case, when we know the following elements of which 
the determination can be made by simple experiments in the laboratory : 

1st. The heat of combustion of the powder ; 

2d. The volume (reduced to zero and at 0.760 m.) of the per- 
manent gases produced ; 

3d. Its velocity of combustion in free air. 

It would be interesting to ascertain if this agreement of theory and 
experiment, of which the true determination is always subordinate to 
the measure of precision of crusher gauges, is maintained under dif- 
ferent conditions of firing from those in which we have verified it. 

81. We deduce finally from what precedes a very important result. 
The maximum pressure is produced when the ratio of the displace- 
ment of the projectile to the reduced length of the initial air space is 
equal to 0.6. Consequently denoting by U the displacement corres- 
ponding to the maximum, we have very nearly: 


(110) Uz 0.6u4( 1 a >). 


On the other hand, this result should be considered as approximate 
only (See No. 54). But the approximation is sufficient, we believe, 
in the greater number of cases. 

Example. \na 24 centimeter gun, fired under the ordinary con- 
ditions of powder proof, we have (the decimeter being taken for the 
unit) : u,— 7.63, J=0.800, d= 1.800, 
and consequently : U= 2.54. 

82. Case in which the first auxiliary equation is integrable.—The 
equation (98) becomes integrable when the exponent « reduces to 
unity. This case would be realized if the velocity of combustion of 
the powder was proportional to the exterior pressure. There is rea- 
son to suppose that the velocity of combustion increases less rapidly 
than the pressure, and the case which we show is consequently purely 
theoretical. It offers, however, some interest because the first aux- 
iliary function being then taken in explicit form, we are able to judge, 











134 NEW RESEARCHES ON THE EFFECTS OF POWDER. 


with a precision which is not obtained by the method of numerical 
approximation which we have employed, of the general aspect of this 
function in this real case. 

Making «= 1, equation reduces to the following : 


ay, — dy, 
(mtn Gato )= a 
or better, putting dy __ 
eae 
dv 
(tr) Se ote. 
We have also: v dv dy dv 


dx — dy, dx” dy, 
Substituting and dividing by v “% have 
(n+1) 4 7, + OU=1, 


whence v br hie 
dv — 1 + f= . 


(0v — 1)( yo + 1)° = constant. 





and integrating : 


The constant is determined by the condition v=o, for y,=0. It 
is equal to —1. We have consequently: 
I 1 
r-rel: 


We find from it by quadrature the relation between x and y,. The 


(111) 7= 


2 , 
second derivative om is obtained by multiplying the value of v by its 
derivative with oe to Vo. 
112) Ot = ; al |; 
oy) ‘ Gt PH GF 


the value of y,,, which gives the maximum, is obtained from the rela- 


tion: 
page 
N+ 20+ 1 


and the corresponding value of “> is: 


=1GH) *-GH)*) 


On the other hand, in this simple case, the function y, does not 
appear obtainable in an explicit form. 


I 

















PART IV. 


PRACTICAL FORMULA FOR VELOCITIES AND PRES- 
SURES IN GUNS. , 


PREFACE. 


In a preceding memoir published in 1876 was established the 
necessary form of the formule which represent the initial velocity and 
the maximum pressure produced in guns. 

We shall take account in this Part of the various circumstances 
which influence the effects obtained, and notably, the variation that 
the velocity of the combustion of powder presents under variable 
pressure. 

The formulz indicate, moreover, the law according to which the 
results of firing depend upon the form of the grain; an element, the 
influence of which has become preponderating since the employment, 
very nearly general to-day, of progressive powders. 

In the present memoir will be fixed the numerical value of the 
coefficients in a way to render the formule immediately applicable to 
the calculation of the various conditions of practice. This determi- 
nation is made the object of the first chapter. 

In Chapter II the formulz will be verified by the comparison of 
calculated and measured results, and it will be shown that they repre- 
sent seventy-five very different conditions of firing, in guns which 
vary in calibre from 320 to 75 millimeters, with a mean difference of 
velocities less than 3 meters, the velocities varying from 300 to 550 
meters, 

Chapter III is devoted to the development of some consequences 
of the theory, and to the examination of some questions of interior 
ballistics which have not hitherto been studied, except in an empirical 
manner. 


CHAPTER I. 
FORMULA FOR VELOCITIES AND PRESSURES. 


1. Formula for velocities.—In a preceding part the general form 
of the expression for the initial velocity produced in a gun by the 
combustion of progressive powder has been shown. 
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This formula was obtained by supposing the velocity of combustion 
of the powder to be proportional to a positive power of the pressure,’ 
In what follows this power is taken equal to 4. This value is indicated 
also by theoretical considerations (Art. 36, Part III), and leads, as will 
be seen later, to the formulz which accord with the facts. 

Under this hypothesis, the expression for the velocity is the follow- 
ing [Eq. (89), Part III]: 


wo =r) Cale) - a), 


designating by 

@ the weight of the charge of powder, 

m the mass of the projectile, 

u the length of the path of the projectile (this length is the distance 
which separates, at the position of loading, the base of the pro- 
jectile from the face of the muzzle. This is the length, and 
not the total length of the bore, which directly influences the 
velocity), 

w the right section of the bore, 

z the reduced length of the initial air space. (/nifial air space is the 
difference between the volume of the powder chamber and the 
volume of the powder. The reduced length corresponding is 
measured by the height of a cylinder having for a base the right 
section of the bore and for a volume that of the inztial air space), 

J the force of the powder. (The force of a powder is the pressure of the 
gases of 1 kilogram of that powder occupying, at the temper- 
ature of combustion, the unit of volume. See Art. 61, Part II), 

pf» the normal atmospheric pressure, 

tthe duration of the combustion of a grain of powder under the 
pressure Po» 

a,4 numerical coefficients depending upon the form of the grain (these 
values for various forms of grains will be found, Articles 39, 40, 
41, Part Ill); 

¥e,¢, are purely numerical functions. 

The reduced length of the initial air space is calculated by formula 


w/t I 
(2) 2= ~~ ( ana ), [See Part III, (19)] 
in which we call : 
4 the density of loading, 


é the real density of the powder. 
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2. The theoretical determination of the functions ¢, and ¢, offers 
some difficulties which have been shown in Chapter V, Part III. But 
this determination is not indispensable for the applications which we 
have in view, and we can, as will be seen, deduce from the relation (1) 
a formula which suffices for the wants of practice. 

3. Whatever may be the analytical expressions for ¢, and ¢,, these 
functions are such that they become respectively proportional to the 


t and # powers of ~ for infinitely great values of that variable. 


This condition results from the analytical discussion of the equa- 
tions which define these auxiliary functions. 

Also we observe that the two terms of expression (1), respectively 
proportional to zt and 2, remain finite for infinitely small values of z. 


“u. 
So that we have, when — is very great, 


»  «(2)=a(t}) o(2)=a(2)! 


A, and A, representing numerical coefficients. 
4. This being granted, we write formula (1) as follows: 


u 
@) »=(4)! (Sp) eS) 3 (5) 


- : _ 

In the ordinary conditions of practice, the ratio — has a large value; 
on the other hand, the second term of the quantity between brackets 
is generally a fraction much smaller than unity. We can, therefore, 


substitute approximately for the ratio fs the value which it ap- 


2) 
, ; u : 
proaches for increasing values of —- From equation (3) we have 


then very nearly 





ze 
u 
(=e) 
Admitting this hypothesis, and supposing, further, that the function ¢, 


is sensibly proportional within certain limits to a power ; of the 
variable, that is to say, putting : 


2 ()="G): 
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it becomes : 
Ra: (= ) ( mz ) ( u y [ ver A ( =) 
Tm wp Z Tt wp, 


or better still, replacing z by its value (2), 


: —tf fa\if ™\if mNs-y 
@ em (2G) C) 
(3-3) e035 (2) 


5. Designating by / the weight of the projectile, c the calibre or 
diameter of the bore, g the acceleration of the force of gravity, we 
have: 

oa, 
a i —=—-. 
g 4 
Substituting these values in expression (5) and putting for brevity: 


a=(E)(4), 2=0(.du) 


it becomes: 


(6) oma(“)(F)(S) ( = oe >) “wl 1—B (ou) 


6. In order to obtain a formula which shall be numerically appli- 
cable, it remains to fix the value of y. It can be obtained from the 
results of experiments. In fact, the empirical formulz of the com- 
mission of Gavre established the fact that, all other elements being 
constant, the initial velocity is: 

st. Proportional to the ,, power of the charge (Memorial de 
l’artillerie de la Marine, Vol. IV, pp. 25 and 45). 

2d. Inversely proportional to the } power of the capacity .S” in which 
the powder charge is placed (Mem. de I’art. de la Mar., Vol. II, p. 37). 

The velocity v is then approximately proportional to 

ws 
St 


Now according to formula (6), the velocity v is proportional to 


(5-3) 


Comparing these two results, we conclude, 
1st. That we should have very nearly, 
3 a I 


8 i l 
— mii~ i ji- 
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hence a > 
‘= 10 
ad. That the quantity : 


I t—Y 04 os 
J ) > 


should be, for values of ¢ and J, comprised between the limits of 
practice, sensibly proportional to 41, and this is also verified numeri- 
cally. 

We are then led to the formula: 


Pie OAC) 


uel y —B = oy") , 


T c 


which we can in practical applications _ by the following: 


0 oma(Z)G) (SY aat[ 02 nr] 


This last equation is more simple and sufficiently exact. We shall 
adopt it in our last researches. (Formula (8) does not take into account, 
as in formula (7), the variations of 2; but these variations are so small 
that in practice their influence on the velocity may be neglected.) 

7. Characteristics of a powder.—F ormula (8) includes two quan: 


# fa\} , 
tities (4 and —;, whose values depend upon the nature of the 


powder and upon the form and dimensions of the grains. These two 
elements completely determine the effect produced by a powder 
under given conditions. We can, then, call them characteristics. 
We will designate them hereafter by the letters «, 7, putting : 


(9) -=(4). {= . : 


8. Numerical determination of the constants A and B.—Supposing 
the characteristics of a given powder to be known, it suffices to 
measure the velocities given by this powder under two different 
conditions of firing, in order to find the numerical values of A and 
8 from formula (8). This amounts to replacing successively the 
Various elements in the formula by the particular values relating 
to the two firings, giving to v the corresponding values determined by 
experiment, and we have two equations showing the relation between 
the two unknown quantities 4 and BZ. 
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g. In the absence of precise data on the absolute values of a and 8, 
we may take them equal to 1 for a well-defined powder, and refer the 
characteristics of other powders to those of the powder adopted asa 
standard. From this point of view we take, for example, as a stand. 
ard a sample of Wetteren powder (grains of 13 to 16 millimeters), 
which under the normal conditions of proof firing has given in the 
24 and 14 centimeter guns initial velocities respectively of 4371 and 
4384 decimeters. 

The numerical values of the various elements of firing are shown 
in the following table : 


Name of Gun. ¢c M Ap m 4 v 
decim, decim. kil. kil, decim, 


24 cent. 2.42 38.19 144 28 0.789 4371 

14 cent. 1.40 27.04 21 4 0.891 4384 
Putting successively the particular values from this table in formula 
A 


(8) and replacing fe and — by 1, we obtain two equations from 


which we find the values 
(10) A= 2088, B=0.01089. 


Consequently for any powder whatever of characteristics « and f the 
formula for velocities is the following: 


(11) v= 20884 ( r ( 5 ratte [1 — 0.010898 (oe)") 


units: decimeter, kilogram, second. 

10. In place of taking « and f equal to unity for the standard powder, 
we may calculate the numerical values of these quantities according 
to certain particular values of f, tr, 2, and 4. These last quantities a 
it is true imperfectly known, but no error will result in the calculation 
of velocities, since we only change the units to which the character 
istics of a powder are referred. 

This method of working has the advantage of taking into account 
in the valuation of characteristics the physical signification of the 
elements on which they depend. It permits also, in certain cases, the 
establishment @ friori and independently of all experiment, the 
values of the characteristics due to the physical properties of the 
powder. We shall give hereafter some examples. 

In order to determine the constants 4 and # under this hypothess 
we adopt for the standard powder the values : 


(12) 


J = 431000, r=0.730, a= 3, A= 1. 
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[The standard powder is composed as follows: saltpetre 75 parts, 
charcoal 12.5 parts, and sulphur 12.5 parts. Its specific constants are 


the following : 

Number of grains to the kilogram, . . . +... . ne 350 
Density in mercury, .. . e « O59 = 1.75 
Velocity of combustion under nen aremure (dacianatnes) w= 0.10 
The grain is very irregular, but the mean form is supposed to be a 
sphere of radius 7, and given by the formula 


a a 
r=(Gow): 


: , ’ ‘ , r 
The duration of combustion is deduced from the equation : = = 
cd 


The value / = 431000 is that adopted for cannon powder (No. 61, 
Part III). The values 23, 4=r are for spherical grains (No. 39, 
Part II1)}. 

By equation (9) the characteristics of this powder are deduced, 


(13) @== 1333, A ==1.370, 

and the new constants A and B& are found by dividing equation (10) 
by a, &, we have thus: 

(14) A= 1.569, B=0.00795, 


consequently the formula for velocities as a function of all the elements 
of firing becomes 


tf ON )! 
(15) o=1579( 5) (% yale [1 —o.c07958 ‘7% (pu) ‘}. 


This formula constitutes the definite result we had in view. We give 
in succeeding chapters numerous applications of this formula. 

The signification of the letters on which it depends has been given 
in Articles 2,5, and 7. It is essential to recollect that the units adopted 
are the decimeter, the kilogram, and the second. (In the original 
formula (5) the constants P and Q are absolute numbers, independent 
ofthe choice of units. In formula (8) however the values of the con- 
stants 4 and # defined by the relations of No. 5 depend upon the 
units cited above.) 

1. Formula of pressures.—Supposing the velocity of combustion 
Proportional to the square root of the pressure under which it takes 
place, the maximum of the mean interior pressure is given by the 


formula : 


(16) P=: fe <4 F Al: 


i 
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in which A denotes a numerical factor independent of the choice of 
units, the signification of the other letters being the same as for formula 
(15). (See Part III, Nos. 63 and 64. In Part III, Art. 64, the value 
of A deduced from experiment is given as 0.703, admitting for the 
Wetteren powder s=0.6. This number corresponds to a velocity of 
combustion of 11.7 millimeters per second. Some results recently 
obtained, however, lead us to admit that this velocity is in reality 
nearly 10 millimeters. This value which has served to establish the 
constants of formula (15) will be adopted in the calculations of pres- 
sures. ) 

Replacing, as in No, 5, # and » by their values as functions of p 
and ¢, designating by A the product of A and all the constant factors 


of the formula, and observing finally that os is the square of the 


characteristic 2 defined in No. 7, it becomes 
i > ’ 
{ pz )- 0 : 
P=: Ke - [ ] ; 

(17) Ka’ a |y—2 


12. This formula, already very simple, may be still further simplified 





é—J 
is very nearly proportional to J. Adopting this interpolation, which 
is quite sufficient for practice, the approximate formula for pressuresis 


, : ; b4 1h 
by remarking that for the usual values of dand 4, the function | | 


1 
m2 
(18) P= Kes?” 
c 


and under this form we shall employ it in the researches to follow. 
13. Numerical determination of K.—Supposing the characteristic 
a of a powder to be known, it is sufficient to measure the maximum 
pressure for that powder given under a single condition of firing, in 
order to find from formula (18) the numerical value of the constant X, 
For example, this determination can be made for the standard 
powder referred to in No. 9. This powder fired under the conditions 
defined in the table of the article before cited, has given pressures 
which, expressed in kilograms per square centimeter, are equal to 
2290 kil. in the 24 cent. gun, 
et fs 14 4s 
(These numbers are the means of the readings of three crushet 
gauges placed in the powder chamber.) 
Consequently with our units the values of / in these two cases afe 
respectively equal to 229000 and 114000. With these numbers two 
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yalues of A are deduced which differ but little from each other, and 
which give a remarkable verification of formula (18). 
14. These values may be calculated in two ways: 
1st. By supposing, as in Art. 9,«—=1 for the standard powder. 
We find X to be: 
For the 24 cent. gun . A= 26760 
(19) { 


“ ~4 * “ . ees 
2d. By supposing, as in Art. 10, «== 1331 for the standard powder. 
Under this hypothesis, we are led to divide by the square of a, the 
preceding value of A, which gives for the new value of A 


; mean: 27060. 


(20) K=0.0153. 
The corresponding formulz for / are: 
(21) P = 270604* J Sal ; 
wm)? 
(22) P=0.01534 4 Sand ; 


15. For reasons given in Art. 10, we are led to prefer and to 
adopt formula (22). 

In the preceding formule for pressures as in those for velocities 
the units chosen are the decimeter, the kilogram, and the second. 
It is necessary then to divide the results of formula (22) by 100, if we 
wish, as is customary, to express the pressure in kilograms per 
square centimeter. 


CHAPTER II. 
APPLICATIONS AND NUMERICAL VERIFICATIONS. 


16. In this chapter we shall show how by the preceding formulz we 
may determine the characteristics of various powders, and make use 
of these determinations to calculate @ prior? the velocities and pres- 
sures in any arm whatever. The results will be compared with the 
tesults of direct measurement. 

17. Experimental determination of the characteristics—For the 
same powder, characterized by a system of values «, j, the initial 
velocity depends upon the five quantities, 

C, u, p, @, J, 
and is connected with them by (15). 
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It is evident from the form of this equation, that « and ? will 
become known from two velocities determined by experiment with 
different systems of particular values of the variables, provided that 
one at least of the first three shall have different values in the two 
experiments. 

Put for shortness, 


. O\t(@\% 3 4 " (pu)? __ 7. 
(23) 1.569(F)'() Atm! = y’ 2.00795 =s ¥: 


equation (15) may then be written 
Xvma—af yy, 


Calling X,, Y%; X;, ¥,, two systems of values of X and Y, and 2, 
and v, the corresponding measured velocities, we have 


: \v¥,—a—af Y,, 


X,v,—=a— af ¥,; 


(24) 
from which af and a may be found by the relations, 
, Xt — X27, 
 —— 
a=X,y,+4+47¥,. 

18. On the error committed in the determination of the character- 
istics.—It is easy to determine the effect of an error in the measure- 


ment of the velocities upon the determination of the characteristics. 
Consider the values of «7 and « in the form 


a 


Xv, — X,2, 
~~ Kh 
ue: Y,X,7,— ¥;X,2, 
— es 


Let « be the absolute value of the greatest error which is to be 
apprehended in the measurement of the velocities. The error cor- 
responding in 8 and a is a maximum when the error « affects 9, and 
v, in opposite senses. We have, consequently, the two limits, 

(25) ~~ X; + xX — Y, x + YX 
Yn+ g Y,— Y, 


The first concerns af, and the second «. It is evident from these 
values that Y,— Y, should be made as large as possible by the choice 
of proper conditions of fire. 
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19. Determination of the characteristics by firing guns of 14 and 
24 centimeters.—Firing these guns, in the conditions specified in 
No. 9, will answer very well for this determination. The numerical 
values of X and Y, calculated by (23), making use of the elements in 
the table of No. 9, are as follows: 


X, = 0.20287, 


24 cent. gun y, =o. 24362, 


. | X, = 0.24735, 
I4 cent, gun i y, = 0.13534. 


The limits of error are given by the formule, 


£, = 3.998, €, 0.810: ; 


in which ¢, as well as the velocities, should be expressed in decimeters. 

The following table shows the results of determinations made by 
this method upon various lots of powder tried by the committee at 
Gavre. These powders were all mixed in the proportions used in 
England (75 saltpetre, 10 sulphur, and 15 charcoal); and were fabri- 
cated with meules et presses. 


Name of Powder, oer ns, ~: ae 

be se «6 « « 4008 441.6 {340 1.376 
AS,,No.1, . . 4538 464.1 1431 1.464 
- ~ 2 «-« « 4882 457-4 1401 1.425 
_ - & « . OO 447.8 1359 1.358 
z ~ @ »- « 438.8 432.3 1312 1-370 
os "= & « « 4232 478.2 1059 0.863 


20. Determination of the characteristics by firing with different 
projectiles.—In the absen: 2 of guns of different calibres the character- 
istics may be determined by firing different projectiles in the same 
piece. We might, for example, measure the velocities of the 96 and 
144 kilo. projectiles from the 24 cent. gun, the other elements being 
as defined in No. 9. We have in this case, 


96 kilo. projectile, § X,=0.18332, 


( ¥, 0.19890. 
144 kilo. projectile, | pees ae 

the limits of error are 
¢, = 8.64¢, eg = 1.90¢ ; 


these are less favorable to accuracy than in the first method. 
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21. Approximate determination of the force and velocity of com. 
bustion of powder.—When the form of the grain is well defined, a and 
Amay be determined from (9). We may then determine / and r, 
after the determination of 2 and 7, by the formulz 


2 
A 2 Ta 


(26) ‘=F fz - 

The time of combustion - is the time in free air. We have for the 
corresponding velocity of combustion, 

ns 

(27) v= ~ , 
¢ being the least dimension of the grain. 

Let us apply this to the powders treated of in No. 19. Their grain 
is very nearly a parallelopipedon with square base. Their least di- 
mension (thickness) is exactly regulated by the caking, and can be 
directly measured. The ratio of the other dimensions to the last can 
be calculated as a function : 

1st. Of the thickness ¢; 

2d. Of the number of grains in a kilogram 4; 

3d. Of the density 4, 
by the formula (Part III, No. 45), 


(28) x=(tN)ie, 

and the coefficients a and / by the relations (Part III, No. 41), 
_ 2x + 2° 

(29) a=I+ 2, nae as 


The quantities ¢, VV, and 4 for the powders considered are known, 
and the characteristics having been determined, we may calculate/ 
and w. The following table gives the elements and results of the 
calculation : 


Name of e N 5 z a A r tS © 
Powder dec. sec dec. 
A,B 128 105 1.810 .631 2.262 .734 .534 424000 .120 
A,S,,No.1 .130 116 1.776 .673 2.346 .767 .524 457000 .12%4 
“ No. 2 .130 114 1.794 .670 2.340 .765 .537 451000 .I2! 
“ No. 3 .130 113 1.805 .670 2.340 .765 .560 442000 .116 
“ No. 4 .130 107 1.807 .652 2.304 .750 .545 410000 .119 
“ No.5 .130 104 1.813 .644 2.228 .739 .846 424000 .076 


22. Calculation of the characteristics of a powder from its physical 
properties.—The force of a powder and the velocity of its combus 
tion for a given density depend exclusively upon the process of its 
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manufacture. If, then, these have been determined for a particular 
powder, they may be used with any other powder of the same fabri- 
cation, however it may differ as to form and dimensions of grain. 

When the density of the powder changes, we may calculate the 
velocity of its combustion approximately by assuming, as indicated 
by Piobert’s experiments, that the velocity varies inversely as the 
density. We may thus, for all powders of a given fabrication, deter- 
mine @ priori the approximate values of f and w. From an examina- 
tion of the form and dimensions of the grain, the values of r, a and 
4, may then be determined by (27) and (29) of the preceding para- 
graph. 

We have thus all the elements upon which the characteristics 
depend (9). 

224. Characteristics of some common powders.—The following 
table gives the results of the application of the methods stated to 
some common powders : 


Nameof N 8 w St © x a A T a 5 
Powder, dec. dec. 


W(20-25) 110 1.800 .0972 431000 .172 1.000 3.000 1.000 .885 1209 1.130 
W(16-20) 230 1.775 .0986 431000 .167 1.000 3.000 1.000 .848 1234 1.179 
W(13-16) 350 1.750 .1000 431000 .146 1.000 3.000 1.000 .730 1331 1.370 
W(t0-13) 600 1.715 .1020 431000 .123 1.000 3.000 1.000 .602 1465 1.660 
SP, ... 105 1.810 .1200 424000 .128 .631 2.262 .734 .534 1340 1.376 


-856 .412 1630 2.076 


-500 .825 .324 1809 2.545 


I. 
SP, ... 350 1.790 .1213 424000 .100 .792 

I. 5 
832 .943 .261 2147 3.612 


C,.... 625 1.760 .1227 424000 .o80 .750 
C,.... 17§0 1.745 .1245 424000 .065 .916 


NHN WN 

> wn 
o) 
pes 


Remarks.—The powders marked W were from the Wetteren fac- 
tory. The value f= 431000 is adopted for them; they are described 
in No. 9. 

The velocities of combustion for them are calculated by the formula 

.1750 
w=, 
3 
the constant being so taken as to give for = 1.750 the value w=. 100. 
The grains of the powder W(20-25) are considered as cubes; those 
of the three others being very irregular, were taken as spheres. 

The fabrication of the four other powders in the table is the same 
as that of the powder A,B in No. 21. Consequently, the value 
f=424000 was taken for them; and their velocities of combustion 
were calculated by the formula 
__ 9872 


oo ~_ 


7) 
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velocities : 


Name of Kind of 
Gun. Powder. e 7] r 
il 


32 cent. W (20-35) 3-220 42.19 352.0 

“ “ “ “ 236.5 

“ “ce “ “ 286.5 
27 cent. W (20-25) 2.764 40.97 217.0 

“ “ “ “ 180.0 
24 cent. W (13-16) 2.420 34-45 144.0 

“ “ “ “ Ogival. 

“ “oe ia) “ 144. 

“ - « * cylindri’l. 

a) Lt) “ ‘ 120. 

ia) oo “ “ a) 

a] “ “ “ i 

“ “ “ “ 96. 

“ “ oe “oe “ 

“ “ “ee 38.19 144 

‘ “ “es 40.36 144 

“ “ “oe ay 7) 
19 cent. - 1.94 30.02 62.5 

“ “ce “ “ “es 

ty “ “ “ 76.0 

fi i ii) o a) 
15.5 cent. SP, 1.564 24.94 31.8 

“ “ee “ “ 36.3 
14 cent. W (13-16) 1.40 26.97 18.65 

“ oe iy “ oe 

“ “oe “ oe 23-30 

ay Lad “ “ es 

oe “ “ “ ai 

e ” ™ 27.04 21.0 
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A 


0.786 
0.749 
0.730 
0.800 
0.800 
0.798 
0.684 
0.570 
0.456 
0.798 
0.684 
0.570 
0.456 
0.798 
0.684 
0.570 
0.456 
0.790 
0.684 
0.570 
0.456 
0.789 
0.778 
0.667 
0.556 
0.444 
0.991 
0.826 
0.661 
0.991 
0.958 
0.892 
0.826 
0.751 
0.653 
0.958 
0.838 
0.719 
0.958 
0.838 
0.719 
0.891 
0.647 
0.589 
0.477 


Velocities. 
Meas- Calcu- 
ured, lated. 
Meters, Meters. 
415.6 414.8 
451-0 445-7 
442-5 441.3 
431-9 432.0 
470.0 470.3 
432-0 431.1 
393-2 3931 
352-9 352-4 
306.6 308.3 
428.8 431.1 
399-5 393-1 
352-0 352-4 
303-4 308.3 
497-4 469.5 
427-2 428.1 
379-5 383-7 
332-5 335-7 
512.5 517.8 
469.2 472.2 
420.6 423.2 
363.0 370.2 
437-1 437-1 
434-9 439-0 
396.6 400.1 
360.4 358.8 
312.3 313-6 
492-2 494-1 
444-6 4430 
393-3 387-5 
453-5 454-9 
440.4 446.0 
428.7 427.2 
411.8 407.9 
400.2 406.8 
349-8 351-4 
472.0 406.7 
431.2 429.8 
392-0 391-9 
428.0 429-3 
400.5 3904 
366.1 361.5 
433-4 438-4 
400.1 399-6 
377-4 3778 
333-4 3327 





the constant being so taken as to give for the value ¢=1,810, 
w == .120, corresponding to A,B. The grains of these powders are 
considered parallelopipedons with square bases. 

23. Calculation of initial velocities and comparison with the mea- 
sured results.—The following table gives the results of this calcula- 
tion for guns of various calibres, and the corresponding measured 


19 
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The preceding table shows that the theoretical formula gives the 
velocity with very satisfactory exactness in 75 very different conditions 
of fire in guns whose calibre varies from 320 to 75 millimeters. The 
mean error for the velocities varying from 300 to 550 meters is less 
than 3 meters. 

It is important to notice that the varying ballistic qualities of the 
powders of different fabrication taken have doubtless caused some of 
the discordances in the table. 

24. Fire with the 16 cent. gun.—The following, for example, is a 
case where the difference between the calculated and measured 
velocity should, it would appear, be attributed to variations in the 
qualities of the powder. It is the case of the use of Wetteren powder 
(13 to 16 mill.) in the 16 cent. gun, model 1870, short. 

The principal dimensions of the gun are the following : 

Calibre, . o = + © & wo Bite 5 Oe 
Motion of shot, . . .... . . . . “2227.28 









Velocities. 
nvuvevo-oO- 

Name of Kind of Meas- Calcu- Differ- 

Gun, Powder. c u“ p mw A ured. lated, ences. 
Kil. Meters. Meters, 

12 cent. SP, 1.210 19.02 16.32 2.8 0.754 403-3 4039 — 0.6 
“ e 6 “2 “ 1.74 0.468 299.3 3036 — 43 
“ o “ “ 18.2 2.42 0.651 352.2 3532 — 1.0 
“ oe " a " 1.85 0.498 296.3 300.6 — 4.3 

g.5 cent. Cy 0.960 23.96 9-13 1.73 0.609 432.1 4320 + OF 
“ as oe - 8.445 1.63 0.574 426.0 428.5 — 2.5 

g cent. C, 0.907 17.98 8.0 1.50 0.888 448.6 447.7. + 0.9 
“ es ee * 6.5 1.50 0.888 484.7 488.7 — 4.0 
“ oe O.91I 24.0 8.76 1.60 0.629 426.7 426.4 + 0.3 
“ eo " ” 8.19 1.525 0.5907 424.7 427.1 — 2.4 
“ oe - " 7.78 1.47 0.580 422.5 420.3 -- 2.2 
“ e 0.909 21.63 «10.9 2.40 0.734 448.7 4506 — 1.9 
“ as - 10.9 2.00 0.612 399.0 403.9 — 4.9 
a eo es as 9.6 2.50 0.765 484.7 492.0 — 7.3 
e as “ aa 9.6 2.22 0.679 449.0 458.1 — 9.1 
“ es es “s 9.6 1.84 0.563 400.4 409.3 — 8.9 
“ Cc, 0.907 ~=«+117.98 8.0 1.52 0.899 448.0 453-5 — 55 
“ o “ 8.0 1.40 0.828 434-0 431-7 +4 2.3 
“ - 0.9095 18.76 8.0 2.10 0.758 500.6 459.1 411.5 
e o eo es 8.0 1.94 0.700 475-7 466.5 8.7 

8 cent. as 0.811 16.90 6.0 1.54 0.866 501.0 502.0 1.0 
" - - eo 5-6 1.47 0.826 500.0 505.8 — 5.8 
° . 0.805 19.28 5-5 1.60 0.899 528.6 524.9 + 37 
% sae “ “ 5-5 1.40 0.828 484.7 484.5 + 0.2 

7-5 cent. o 0.750 18.46 5-0 1.250 0.709 484.0 480.0 + 4. 
Xa i - ” 5.0 1.425 0.808 528.0 5200 + 8. 
« " ” “ 5-0 1.500 0.850 551.0 5460 + 5 
- - 0.750 15.46 5-0 1.250 0.709 470.0 469.0 + I. 
_ A “6 " §-0 1.425 0.808 510.0 508.0 -+ 2, 
Y " - - 5-0 1.500 0.850 529.0 524.0 -+ 5. 
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In the following table the calculated and measured velocities will be 
found. The powder is supposed to have the characteristics of the 
standard powder. 


Velocities. 
quwncntm, 
Name of Mea Calcu- Differ. 


Pe 4. A. m ° ‘ 

1.661 27.28 31 5 0.549 379-4 365.6 +138 
7- ©0756 467.7 447.4 +203 

9. 0.972 537-5 520.1 +174 

% a 7 9-5 1.026 554-1 537-4 +167 
; 5} 0540 351.8 337-9 +139 
7 0.756 426.0 413.5 +125 

9 0.972 495.0 4808 +142 

- ti _ 95 1.026 508.3 496.7. +116 
8 ¥ 45 5- 0540 3264 317-1 + 93 
é a 7. ©.756 397.8 3881 + oF 
” “s 9. 0.972 461.8 451.1 +107 
“ “ 9.5 1.026 475.2 466.1 + gu 


Gun of 16 cent., model 1870.5 


These differences are large, and would throw doubt upon the for- 
mula did not the procés-verbaux of the experiments show that the 
powder was different from the standard powder. 

In fact, this powder (taken from the lot number 15) gave to the 24 
and 14 cent. guns in the conditions specified in No. 9, velocities re- 
spectively of 435 and 456 meters, instead of 437 and 438, which were 
those given by the standard powder. 

The characteristics of lot No. 15 deduced from the velocities by 
the method of No. 19 are 

41429, §—=1.570; 
these differ considerably from those of the standard powder, which 
are 41331, 81.370. 

These new values have been used in the calculation of the velo- 

cities in the following table, whose accuracy is very satisfactory. 








Velocities. 

Name of “Mea- ™ Calcu- Differ- 
Gun. ¢ “ p m A sured. lated. ences. 
S 1.661 27.28 31. 5- 0.540 379.4 379.0 +04 
w z > K 7- 0.756 467.7 4638 +39 
= ¥ iene 9. 0.972 537-5 5391 —16 
8 e : ” 9.5 1.026 554.1 5571 —3° 
E " - 38.25 5 0.540 351.8 3486 +32 
. 7 ~ : 7. 0.756 426.0 4266 —06 
= is ze " 9 0.972 495.0 4959 —0O9 
Y = - > 9-5 1.026 508.3 5124 —4! 
= ; _" -* 5. 0.540 326.4 325.6 +08 
- a « “J. 0.756 3978 §93984 
§ 2 " ? 9. 0.972 461.8 463.2 —I4 
O %% " 9-5 1.026 475.2 4785 —~—3 
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25. It will be interesting to ascertain the nature of the change un- 
dergone by this powder ; the considerations set forth in No. 21 will 
enable us to do this. If, by (26), we derive from the values of the 
characteristics those of the force and time of combustion, we find for 
the powder considered, 

J = 433000, t= 0.637. 

For the standard powder we have 

Jf = 431000, ™=0.730. 

The values of / do not differ sensibly, but the values of s do. The 
velocity of combustion has therefore been altered by some circum- 
stance of fabrication. 

26. Calculation of pressures. —The following are applications of 
(22) to the calculation of the maximum pressure; this requires that 
a shall be known. 

This element having been determined by the five lots of A,S pow- 
der considered in No. 19, we may calculate the pressure produced by 
this powder in the 24 centimeter gun in the ordinary conditions ; and, 
as these pressures have generally been measured by manométres a 
écrasement, the calculated results may be compared with these. The 
following table contains the data and results : 


Pressures, 





eee Pender. ‘ p mm A Velocities. Measured. “Calculated. 

AS’ No.1 2.42 144 28 0.789 453.8 2790 2680 
; a2 2 e as . 451.0 2480 2570 
> RAS “ i o % 446.7 2330 2420 
“ No. 4 7 si - ” 431.1 2010 2250 
“ No. 5 . . _ , 412.2 1440 1470 


The agreement of the calculated and measured pressures is not so 
close as in the case of the velocities ; but it must be remembered that the 
instruments with which the pressures are measured are not accurate. In 
fact, it is evident, from the preceding table, that the formula represents, 
generally, the variations of pressure with an accuracy which, if it is 
always maintained, is sufficient for practical purposes. This last 
point can only be satisfactorily determined when the measurements of 
internal pressures shall be more varied and more numerous than at 
present. 

27. We resume in the following table the results of calculation in 
some of the conditions of fire which form the object of No. 19. 
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The conditions are those which, for each gun, correspond to the 
greatest simultaneous values of the weights of projectile and charge, 


Name 
of 
Gun, 


32 
27 
24 
19 
15-5 
14 
13.8 
12 
95 


NM MWmMOHOUDYL YO 


28. In Art. 6 the initial velocity is given as a function 
elements of firing by the formula : 


=a(ENG)E ML 


cent. 


Name 


of 


Powder. 


W(20-25) 3.220 


o 2.764 


W(13-16) 2.420 


SP, 


1.940 
1.564 


W(13-16) 1.400 


SP, 
C,. 


C,. 


“ 
. 


1.390 
1.210 
0.960 
0.907 
0.91 
0.909 
0.907 
0.909 5 
0.811 


0.805 
0.750 


le 
42.19 
49-97 
38.19 
30.02 
24.94 
26.97 
24-55 
19.025 
23.96 
17.98 
24.00 
21.63 
17.98 

18.76 
16.90 
19.28 
18.46 


35?- 


4.26 


3-80 
2.42 
1.73 
1.50 
1.60 
2.40 
1.52 
2.10 
1.54 
1.60 
1.50 


CHAPTER III. 


4 
0.786 
0.800 
0.789 
0.991 

0.653 
0.958 
0.647 

0.651 

0.609 
0.888 
0.629 
0.734 
0.899 
0.758 
0.866 


0.899 
0.850 


I.—MAXIMUM OF VELOCITIES. 


eS 


= 
‘ 


Observed 


velocity. 


415.6 
431-9 
437-1 

454-9 
349.8 
428.0 
400.1 

352.2 
432-1 

448.6 
426.7 
448.7 
448.0 
500.6 
§01.0 
528.6 
551.0 


(pu)! 


c 


Calculated 
pressure. 
2560 
2240 
2320 
2410 
1350 
1280 
1300 
1200 
1320 
1870 
1420 
2280 
2680 
2650 
2820 
2900 
2920 


of the 


| 


A and B& being two constants. The signification of the other letters 


is that given in Articles 2, 5, and 7 of the first Chapter. 


Now if in 


this formula we make + a variable, all the other elements being con- 
stant, the velocity will pass through a maximum. 
29. Put for brevity: 


(30) 
and we have: 


(31) 


g(t) == 7-i—B 


v= A (fa)'( F (Satur y (r). 





A( pu)? _, 
ey 


3 
3 
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The value of t corresponding to the maximum of ¢, and therefore of 
y, is given by the condition ¢’(+)=0, that is to say, by the relation, 


A( pu)? __ 
(32) pif as 


denoting that value by +, we have 


_— 9 i( pu)? 
(33) 1= 38 


The corresponding velocity is then deduced from the relation 


wat a(#)(2) (Sra 
— 


or better still, replacing +, by its value (33), 


fat wr cro At 4% 
(35) y= A(Z -) 2 oe 
the value of A, being (1) 


2 —} 
A, = ; A(3B8) * 
30. The consideration of the theoretical maximum permits us to 


express the formula for velocities in another form. For a powder 
nearly like the maximum let 
tTi=7,+9. 


We have for the corresponding value of the function ¢(r): 


e=e(rt)=e (ote (Oto) —+... 


or simply : 
e 
¢(7)=¢(51) +" (1) - 


taking into account the condition ¢’(+,) =o and neglecting terms of 
an order greater than the second. 
This being granted, we find from formula (30) : 


1 
f(s) 3-3 1 — her} 
o"(= Ser 50°). 
Replacing + by +, and taking into account the condition (32) which 


is then satisfied, it becomes: 





I 5 
g"(+)=— T, =a 


Under the same hypothesis, formula (30) gives 


1 


2 
g(t1J= 3 t 2 
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3 ¥(@) 


. , ‘ 1 
We can then write: ¢” (-,) = — “--~,~ » and consequently 


(36) va=v,| 1— 3 = |- 
3 473 


v, and +, being the values of (35) and (33). Formula (36) shows 
that the velocity is very little modified when = varies in the neighbor- 
hood of the value of the maximum. If, for example, we suppose 
0 : = —_ , 
—==0.2, that is to say, if the difference between = and rf, is } of the 
"a 
value of -,, the corresponding difference between the velocities v and 
v, is only r}o of the value of 7,. 

32. Ballistic coefficient.—It results from formula (35) that for 
given values of the various elements of firing, the greatest velocity 


feos us 
that a powder can produce is proportional to ( ) . This factor, 
A 


which has been called the da//istic coefficient, depends at the same 
time on the force of the powder and the form of the grain. 
If the force is constant the ballistic coefficient is proportional to 


1 
(4 b It depends only on the form of the grain. 


When the grain is spherical or cubical we have a= 3 and A=1. 
If then we designate by C the ballistic coefficient of a powder referred 
to that of a spherical or cubical powder of the same force, we can 


put: 
Can( £ y. 
3 


The value of C is greater than 1 for grains of the form of a parallelo- 
pipedon or a pierced cylinder. We can, then, by the employment 
of these grains, increase the velocity without changing the other 
elements of firing. But in practice this increase cannot pass a certain 
limit on account of the corresponding increase of the maximum pres- 
sure, which varies as the square of the ballistic coefficient, and rapidly 
approaches the limit imposed by the resistance of the piece. 

33- Several experimental facts, notably those of Maguin, demonstrate 
that there exists for each gun and in each condition of firing, a size of 
grain and consequently a duration of combustion of the grain, which 
gives a maximum of velocity. 
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It remains to verify if this maximum is shown in the conditions 
indicated by theory. The following is a case in which theory and 
experiment seem to be in accord. 

If we consider the firing of a 24 cent. gun under the habitual con- 
ditions of proof, and if we calculate the value of + which for a spherical 
or cubical grain correspond to the maximum, making in formula (33) 
Ami, ¢=—2.42, 438.19, H—=144, we find 


t, =0.73!, 


a value exactly equal to that given in the table of No. 22 for the 
standard powder. Wetteren powder (grains of 13 to 16 mill.) is then 
the maximum for the 24 cent. gun. This result seems confirmed by 
experiment, since the sample No. 15 duration of combustion 0.637, 
and less than that of the standard powder, gave only 435 meters 
initial velocity as compared to 437 meters given by the standard 
powder. 

34. It would be an advantage to adopt a maximum powder, not 
only because the charge would thus be better utilized, but also for the 
reason that the chance variations which are made in the manufacture 
of the powder, affecting the velocity of combustion, would not have 
a sensible influence on the initial velocity, which assures regularity of 
fire. 

This remark explains the relatively small differences shown in the 
proof of samples of powder for the 24 cent. gun. The differences 
should be more marked in the case of the 14 cent. gun, for which the 
maximum powder is very different from the standard powder of 13 to 
16 millimeters. (In the case of the 14 cent. gun, we have A421, 
C=1.40, u= 27.04, =21; the corresponding value of -,, calcu- 
lated by formula (33), is 

7, = 0.406. 


It should be remarked, however, that the employment of a max- 
imum powder gives generally very high interior pressures, and this 
inconvenience is also more serious since irregularities in the fabrication 
can in this case produce great variations of pressure without sensibly 
modifying the velocity. This particularity is found from the special 
form of the functions which represent the velocity and the maximum 
pressure. The velocity is the difference of two terms increasing 
together as s diminishes, so that their variations compensate near the 
maximum. The pressure is represented, however, by a monomial 
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formula, and it varies rapidly in the inverse ratio of the period of com. 
bustion. 

Example: The sample of Wetteren powder No. 15 already cited 
gives, in the 24 cent. gun, 435 meters initial velocity. The initial 
velocity given by the standard powder is 437 meters. The calculated 
corresponding pressures are 2660 kil. for sample No. 15, and 2330kil, 
for the standard powder. 

Sample No. 15 is then notably more violent than the standard 
powder, and also the initial velocity given is a little less. 


IIl.—MaxIMuM OF LivVING FORCE. 


35. ‘When we increase the mass m of the projectile, the other 
elements remaining constant, the velocity v diminishes in such a 
manner that the living force mv* increases in general. Experiment 
indicates, however, that this augmentation is not indefinite, and that 
the living force attains a maximum. 

This remarkable fact, which M. Navez was the first to assert, does 
not accord with ballistic formule generally used. It is, however, very 
well explained by the theoretical formula. This formula indicates, in 
fact, that the product of the velocity by the square root of the weight 
of the projectile passes through a maximum. 

Put for brevity 

hut 


(37) ¢(p)=p'§— B= pi. 
We have from the formula for velocities 
(38) pom a> Sole stat ocoy 


The maximum of this expression, since # varies, corresponds to 
the maximum of ¢, and is given by the condition ¢’( p) =o, that is to 
say, in making the calculation by the relation 


B A( put _ . 
To 3 
This relation is the same as (32), which we have found to be the 
relation expressing the duration of the combustion of a grain which 
gives a maximum velocity. 
Consequently, in establishing this relation between the quantities 
4, t, p, w@ and ¢c, we make a maximum : 
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st. The velocity of the projectile with respect to the variations 
of the duration of combustion of the powder. 

2d. The living force of the projectile with respect to the variations 
of its weight. This relation is satisfied, according to No. 33, in the 
firing of Wetteren standard powder (grains of 13 to 16 mill.) in the 
24 centimeter gun with a projectile of 144 kilograms. 

The result is, on account of the relations adopted, the projectile 
weighing 144 kilograms corresponds to the maximum for useful effect. 


IIL—INFLUENCE OF THE VARIOUS ELEMENTS OF FIRING ON 
VELOCITY AND PRESSURE. 


36. In a cannon we may consider the quantities 
C, u, p, 
(calibre, length of path, and weight of projectile) as constant or given 
quantities. The variables with which in connection with the constant 
quantities we wish to obtain a given velocity, are 
Si a, A, tT, @, 4, 


and there may be an infinite number of combinations made with these 
variables giving the same velocity with different maximum pressures 
or the same pressure with different velocities. 

It has been shown (Part III, Art. 57) how we can, with fixed values 
of w and J, lower the pressure and retain the velocity, or increase the 
velocity and retain the same pressure by a proper choice of the vari- 
ables, I, @, A, t, 


which refer exclusively to the powder. 

37- We may consider as known also /, a, A, that is to say, the force 
of the powder and the form of the grain, and evaluate the influence 
of @, 4, and + on the values of the velocity and maximum pressure. 
With this in view, consider formula (31) for velocities. The factor 
¢(+) is given by equation (30), which we may write, taking into 
account equation (33), in an abbreviated form, thus : 


ss. 
37? 
t, being the value of + corresponding to the maximum velocity with 
the form of grain adopted. 
If, then, we suppose the quantities w, 4 and + to be the only vari- 
ables, we may put 
va Kor ste-1 (37 — 1), 


(39) (= 
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XK denoting a constant. The corresponding value of the maximum 
pressure is, according to equation (18) : 
wid 


Pask” 


38. We wish to find the variation of v and P for very small incre. 
ments dw, d4, d-, of the variables. We find very easily: 


v7 do 1 dd 3 7-71, a= 
(40) “o — 20, es ope 4 Y eer 3m — 


’ 


adP 1 dw ds d- 
(41) P=, . 


2 wo ’ a 

The influence of each variable on the value of the velocity is measured 
by the coefficient which multiplies the relative variation of each 
variable in expression (40). 

. wD dj d- ‘ 
The coefficients of ~~» 7’ and —— are respectively : 
7 I 3 = ee ts 
. ; ° , 


20 4 2 3-7 


The third coefficient varies with + and is equal to zero for t= 7,. 

Its value increases with +, but does not exceed } except where + is 
greater than $+,, which is not likely to happen in the habitual con- 
ditions of practice. 

39. It follows from the preceding that the three coefficients are 
arranged in the order of their relative value, and that the variations of 
each of the variables 


have more influence than the one next on its right as arranged above. 

On the contrary, the influence of ® on the maximum pressure is 
less than that of J or -. 

40. The following tables show, in a particular case, the theoretical 
values and pressures corresponding to the various values of the 
elements of firing. 

The results show better than can be done by an analytical formula 
the proper influences of these elements on the effects obtained. These 
calculations relate to a Krupp gun, calibre 30 centimeters. 

The data for this gun may be stated as follows: 

nn - os 6 «© « . C=>3.05 decimeters 
Length of path of projectile . %—=44.60 
Weight of projectile . . . . f==300 kilograms. 
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The variables at our disposal are as follows: 
f force of the powder, 
a, A characteristics of the form of the grain, 
¢ duration of the combustion of a grain, 
w weight of the charge, 
4 density of loading. 

We shall vary them according to the following conditions: 

1st. .—The value of / depends on the composition of the powder 
and manner of manufacture. We shall adopt the value /= 424000, 
which according to the table of No. 22 is the value for powders of 
French manufacture. 

2d. a, A—We will consider three forms of grains— 

(A). Cubical or spherical. 

(B). Parallelopipedon with square base, the side of the base double 
the thickness. 

(C), Cylinder pierced, the height double the thickness. 

The corresponding values of a and 4 are the following : 


Values of 
Form of grain. a A 
Cubical or Spherical, . 3 I 
Parallelopipedon, . . .. . 2 § 
Cylinder, pierced, . 3 4 


3d. =.—We shall vary -, by intervals of y's of a second, starting from 
particular values which, for the three forms of grain, correspond to the 
maximum velocity. 

These values are calculated by formula (33) with the data c, x, f, 
shown above. 


Form of grain. Values of r,. 
Cube orSphhere,. . . + «© © e « 2 0.904 
Paralielopipedon, . . . . + « « « 0.565 
Pecan .-« «+ 6* « « & » * 0.301 


4th. ».—The values given to the weight @ of the charge are }, }, I, 
of the weight of the projectile, or 50, 60, 75 kilograms. 


sth. J.—Finally, we will consider the values of the density of 


loading, 
1.0 0.9 0.8 0.7 
The calculation of velocities and pressures is done without difficulty 
by the aid of formule (15) and (22), in which we recall that the 
characteristics «, 7 are respectively 


ai A 
a(t 7: Sam . 
. t Tt 
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We have not given in the table velocities greater than 550 meters, 

The discussion of the preceding gives rise to some interesting 
remarks, which may be generalized by remembering the principle of 
similitude established in a preceding work; but the greater part of the 
results thus obtained may be deduced with more simplicity and pre- 
cision from formule which will be made the object of a subsequent 
number. We will therefore abstain from an extensive development 
of this subject, confining ourselves to the following observations, 
According to data given by the Revue d'Artillerie, the 30.5 cent, 
Krupp gun has given an initial velocity of 460 meters with a charge 
of § the weight of the projectile, that is, 60 kilograms of prismatic 
powder, of 25 millimeters. 

Now from an examination of the table : 

1st. This velocity is impossible, under these conditions, with a 
powder composed of cubical or spherical grains. 

2d. That it may be realized by a powder, grains of the form of a 
parallelopipedon, with a pressure of nearly 2700 kilograms, a result 
not assuring, considering the strength of the piece. 

3d. That it may be easily obtained with much less pressure, by the 
use of the pierced cylindrical grain. 

We have, for example, a velocity of 460 meters and a pressure of 
1800 kilograms very nearly by taking J—=0.7 and < between 05 
and 0.6. It is easy then to fix the approximate dimensions of the 
grain. Supposing 0.55, and giving to the powder material a 
velocity of combustion of 12 millimeters a second, we see that the thick- 


ness of the grain would be regulated by the equation = = 12 X0.55, 


whence «== 13.2 millimeters. The height being double the thick- 
ness is then 26.4 millimeters, which seems to accord well with the 
solution adopted by the German artillery. 


CHAPTER IV. 


ON THE GREATEST VALUE OF THE VELOCITY CORRESPONDING 
TO A GIVEN VALUE OF THE MAXIMUM PRESSURE. 


42. Suppose, for a gun, we make all the elements of firing constant 
with the exception of the density of loading 4 and the duration of 
combustion +, which we consider variable. 




















(a==4, 4==2.) 


TABLE I.—CusBIcAL oR SPHERICAL GRAIN. 












































Charge of } (a = 50 Kilos.) Charge of | (aj =60 Kilos.) Charge of } ( =75 Kilos.) 
Values ‘. Au , _ 8 0.7 Py Aas 0.9 0.8 0.7 , uf A=>1.0 0.9 0.8 0.7 
ofr a ome - + ee — _——s ’ ie Tl aan Tl ceeeten Teele Foemotmo mee pete ete =| See 
} | a i P ” P P v P ? ’ 7 P v P ? v a 
0.904 428.2 2835 417.0 2252 404.9 2268 391.7 1985 456.4 3105 444.1 2794 431-6 2485 417.4 2174 493-5 3471 480.7 3124 466.8 2777 451-4 2430 
1.000 426.6 2563 415.4 2306 403.5 2050 390.2 1780 454.7 2807 442.8 2526 430.0 2245 416.0 1950 491.7 3134 478.9 2823 465.1 2510 449.8 2196 
1.10 422.7 2330 411.6 2097 399.5 1864 386.6 1631 450.5 2552 438.7 2296 426.1 2041 412.1 1786 487.2 2852 474.5 2567 460.8 2282 445.7 1997 
1.20 417.4 2136 406.5 1922 394.7 1709 381.8 1495 444.8 2339 433-2 2105 420.7 1871 406.9 1637 481.1 2614 468.5 2353 455.0 2092 440.1 1830 
1.30 411.2 1971 400.4 1775 388.9 1577 376.1 1380 438.2 2159 426.8 1943 414.5 1728 400.9 1512 473.9 2414 461.5 2172 448.2 1931 433-6 1690 
1.40 405.1 1531 394.5 1645 353.1 1464 370.5 1281 431.7 2005 420.4 1804 408.3 1604 394.9 1403 466.9 2241 454.7 2017 441.6 1793 427.1 1569 
1.50 397-9 1708 387.5 1537 376.4 1367 364.0 1196 424.1 1871 413.1 1684 401.1 1497 388.0 1310 458.7 1092 446.7 1882 433.8 1673 419.6 1464 
TABLE II.—PARALLELOPIPEDON WITH SQUARE BASE. 
(s==$, expe, 4a8 &) 
Charge of 3 (@ = 50 Kilos.) Charge of 4 (@ =60 Kilos.) Charge of 1 (@ =75 Kilos.) 
Velo outs ° "we } eS 0.7 as A : os 0.9 oo ia tea °.7 a= °.9 0.8 o7 
Tn. eo -— —_—_——, PP ——— i ’ i —<— = Fra Onge an, | | --oa_CS os | ee ’ 
P ‘ P 7” P v r v P v P t P ” P ” a v P 
0.565 442.2 3024 430.6 2722 418.2 2419 404.5 2117 471.3 3595 459-0 2981 445.8 2650 431.1 2318 599.7 3703 496.4 3332 482.1 2962 466.2 2592 
0.6 441.6 2847 430.0 2562 417.6 2278 403.9 1993 470.7 3115 458.4 2806 445.2 2495 430.6 2183 509.0 3486 405.7 3137 481.4 2789 465.6 2440 
0.7 435-6 2441 424.2 2196 412.0 1953 395.5 1708 464.3 2673 452.2 2405 439.1 2138 424.7 1871 502.1 2988 489.0 2639 474-9 2391 459.3 2092 
0.8 426.2 2135 415.1 1922 403.1 1703 389.9 1495 455.3 2339 442.4 2105 429.6 1871 415.5 1637 431.2 2615 478.4 2353 464.6 2092 449.4 1830 
0.9 415-5 1943 404.7 1748 303.0 1554 380.1 1360 442.9 2128 431.3 1915 418.9 1702 405.1 1490 479.0 2379 466.5 2141 453-0 1903 438.1 1605 
1.0 404-7 1708 394.1 1538 382.8 1367 370.2 1196 431.3 1871 420.1 16084 408.0 1497 394.6 1310 460.5 2091 454.3 1882 441.2 1673 426.7 1474 
TABLE III].—Prercep CyLINDER. 
(s==3, e=as, 4238.) 
Charge of 4 (a = 50 Kilos.) Charge of 4 (gy = 60 Kilos,) Charge of } (@ =7s5 Kilos.) 
oy 4 oY , — ».7 a 4 I 09g fie, 0.8 0.7 "ae oe og re ame or 
weve -->~ A en —— ————. roo oro ~-——- ---oe- or: rere hCOr r — a 
P y P P P P ra P P z P t p ry v P 
0.301 524.5 4254 510.7 3828 496.0 3403 480.0 2978 2.2... cc eeee a eS eee ere ee ea eee ens 
0.400 511.2 3203 497.8 2883 433.5 2562 467.6 2242 544.9 3508 530.7 3157 515-4 2807 498.4 2456 0... ccceee cocees cesses seeeee 539-0 2745 
0.500 488.0 2562 475.2 23006 461.5 2050 446.4 1794 520.1 2807 506.5 2526 491.9 2245 475.8 1905 ...... -.s0e 547-8 2823 532.0 2510 514.5 2196 
0.600 464.0 2135 451.9 1922 438.9 1708 424.4 1495 494-5 2339 481.0 2105 467.8 1871 452.4 1637 534.8 2615 520.8 2353 505.0 2092 489.2 1830 
0.700 442.1 1830 430.5 1647 418.1 1464 404.4 1311 471.2 1996 458.9 1804 445.7 1604 431.0 1404 509.6 2241 496.3 2017 482.8 1793 466.2 1569 
0.800 422.0 1602 411.0 1441 399.1 1281 386.0 1121 449.8 1754 438.0 1579 425-4 1403 411.4 1228 486.4 1961 473.7 1765 460.1 1569 444.9 1373 
0.900 404.4 1424 393-5 1251 382.5 1139 378.5 1000 431.0 1559 419.5 1404 407.7 1248 403.5 1091 466.1 1744 454.0 1569 440.9 1395 426.4 1220 
1.000 355.3 1251 375.2 1153 367-3 1025 355-2 897 43-9 1403 403-1 1263 391-5 1123 378-0 983 447-6 1569 435.9 1412 423-3 1255 409.5 1008 
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We can deduce from the theoretical formule the following result : 
Among the systems of values of 4 and = which give the same pres- 
sure there ts one for which the velocity is a maximum. 

To demonstrate it, consider formulz (31) and (18) for velocities 
and pressures ; putting for brevity: 


(42) H= A fa)! (F)'\(S ye, 


. fa( pow)? 
K p . 


(43) A= , 
These formulz may be written under the form: 
(44) v= Hsie(s), 
Ad 
(45) P= —. 


in which the variables 4 and - are the principal quantities to consider 
Eliminating 4 between (44) and (45) we have 
S he 


v= Hh *=~*e(r) Pi, 
whence taking account of (39) the value of ¢(-): 
I = io 
(46) v= — Hh *z *(3r—17,) P*. 
 ] 


For a given value of / this value of v depends only on the variable 
t and it passes through a maximum for the particular value 


+ WN 


(47) = 


~ 


The corresponding values of the density of loading and of the 
velocity deduced from relations (45) and (46) are: 
T, P 


h 
(49) a= + (3)! (any tet 
. Oo 


(48) 4= 


> win 


wa 


43. Replacing -, 7, and 4 in (47), (48) and (49) by their values 
(33), (42) and (43), we have 


(50) TT A( a ) 


c 


5B ACU=- 


(st) a= ~ P, 


(52) v 


oe | 
i. 
wi iw 
eae 
nd 
S |. 
~ ~ 
i 
~ ™. 
4 
g 
S > 
ae) 
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or better, taking account of the numerical values of 4, B, K (we 
have from (14) of Art. 10, 4d = 1.569, B =0.00795, and from for. 
mula (22) of Art. 14 A=0.0153), 





(53) T). — 0.02875 fer", 
u? 
(54) 4, = 2 aash? ad r P, 
Ss) waron(feeiaal 


44. In the greater number of cases, notably when the value of P 
is considerable, formula (54) gives for the density of loading values 
which cannot be attained in practice. The greatest value possible of 
v is obtained by taking 4 equal to its limiting value. 

If we suppose this value to be unity, the corresponding value of t 
is found from equation (45), which, making J = 1, and replacing 4 
by its value from (43), gives 
fa( fa( po)? I 

ce P 
Under the same aypee, formula (8) gives for the velocity: 


A mitvyir Bicu’ 
(57) = Ki 2 aE —s aca! 
We may remark that in this expression the quantity between brackets 
is equal, according to equation (51), to }4,; taking this into account 
and replacing the coefficients AK and A in (57) and (56) by their 
numerical values, we have the following system : 


(56) +2 @. 


P | Pt. 


4 
(58) maces & val “5 
(59) 4=1, ‘ 
ro 
(60> omiay SL 5 Saar ~ 4, | P}; 


which should be adie for formule (53), (54) and (55) when 
the elements of firing are such that the value of 4, (54) is greater 
than unity. 

45. In attributing to P the limiting value which it cannot pass 
without compromising the safety of the piece, the above formul# 
serve to calculate the greatest velocity that can be realized in a given 
piece, with a given form of grain, and given weights of the projectile 
and charge. 
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To this end, we calculate first the value of 4, from (54). 

If this value is less than 1 we adopt it for the density of loading and 
calculate the duration of combustion by formula (53). If, however, 
the deduced value of J is greater than 1, we take the density of 
loading equal to 1, and calculate the duration of combustion by for- 
mula (58). 

The velocity sought is given by formula (55) in the first case and 
by formula (60) in the second case. 

46. We give some applications o these calculations to the 30 
centimeter Krupp gun. 

ist. Suppose first the limit of P is fixed at 2500 kilograms per 
square centimeter, then with the units adopted P= 250000. 

The values of J, for the three forms of grain already considered, 
and of charges of }, |, and } the weight of the projectile, are sum- 
marized in the following table: 





Xo 
Designation of the form Values of W 
of the grain. 50 Kilos 60 Kilos, 75 Kiles. 
Cube, 1.471 1.342 1.201 
Parallelopipedon, 1.379 1.259 1.126 
Pierced cylinder, 0.980 0.895 0.800 


The following table gives the corresponding values of t, 4, and the 
velocity v. 





50 Kilos. @ = 60 Kilos. 7 = 75 Kilos. 
Designation of the —_--+- OOC— 7+" —————— CC; —_*~-— 
form of grain. T 4 t T a T 4 v 
Cube, 1.025 1.0¢ 420.0 1.123 1.000 449.7 1.255 1.000 477.5 
Parallelopipedon, 0.683 1.000 437.6 0.749 1.000 460.4 0.837 1.000 487.4 


Pierced cylinder, 0.490 0.980 485.5 0.490 0.895 505.8 0.490 0.800 531.9 


2d. Suppose in the second place the limit of P reduced to 1500 
kilograms per square centimeter, which corresponds very nearly to 
the strength of bronze pieces. 

Making P= 150000, formula (54) gives the values of 4, less than 
unity ; which are adopted as the densities of loading, and v and + are 
calculated from formulz (55) and (53). 

We thus obtain the following table: 








@ = 50 Kilos. ™@ = 60 Kilos. @ = 75 Kilos 
Designation of form =——— —~ ee _ ~— -- 
of grain. T 4 : T A r T 
Cube, 1.469 0.882 386.1 1.469 0.805 402.3 1.469 0.720 423.0 
Parallelopipedon, 0.918 0.827 392.4 0.918 55 408.8 0.918 0.675 429.8 


Pierced cylinder, 0.490 0.588 427.3 0.490 0.537 445.1 0.490 0.480 468.1 
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47- From the preceding calculations we discover some interesting 
results. 

1st. We observe that, in guns of great resistance there is no advan- 
tage, with the forms of grain used, in taking the density of loading 
notably less than the gravimetric density of the charge. We can 
reduce the density of loading and retain the same velocity by a cor- 
relative diminution of the duration of combustion, but this augments 
the pressure. 

If we regulate the duration of combustion in a manner to retain 
the pressure we diminish the velocity. 

In guns of little strength, there is on the other hand always an 
advantage in adopting densities of loading less than the gravimetric 
density of the charge. 

2d. In bronze guns, with powder grains of the form of a cube, 
sphere or parallelopipedoa (generally used), the velocity cannot pass 
beyond 400 to 410 meters with a charge of | the weight of the pro- 
jectile. This limit may, however, be exceeded with the same charge 
using pierced cylindrical or prismatic grains, The calculation indi- 
cates finally that the limit of velocities is from 420 to 430 meters, 
firing ordinary powder with a charge | the weight of the projectile. 

These various results may be generalized and extended to different 
calibres by the application of the principle of similitude. 

48. Theory attributes a remarkable superiority, from a ballistic 
poirt of view, to pierced cylindrical or prismatic grains. 

This theoretical result should, however, be accepted with some 
reserve. It is exclusively due to the particular law followed in the 
combustion of a grain, and in practice the law would not hold good 
in the case of the rupture or disintegration of the grains. Again, 
the method adopted in the packing of the grains in the cartridges 
influences their ignition. 

For these reasons we shall only consider the figures obtained by 
prismatic powders as the superior limits of velocities which may be 
obtained. 











PART V. 


ADDITIONAL PRACTICAL FORMUL., 


1. The formulz which give the velocity and pressure in guns have 
already been given. To this end, a mixed method has been used ; 
the general form of the equations having been established by theo- 
retical considerations, and the numerical values of certain coefficients 
determined by experiment. 

In particular, to obtain one of the coefficients, it was assumed, con- 
formably to the results of experiments made by the committee at 
Gavre, that, if all the other elements are constant, the initial velocity 
is(1) proportional to the ;°5 power of the weight of the charge, and (2) 
inversely proportional to the } power of the capacity of the powder 
chamber. 

2. Now, it is known that, in certain cases, it is better to take the 
velocity proportional to the § power of the weight of the charge.* 

We shall examine, in this note, the modifications which the formulz 
will undergo in this hypothesis. 

The form of this new discussion differs in one point from that 
previously adopted. It shows that, in the ordinary conditions of fire, 
the two empirical laws, according to which the initial velocity depends 
upon the charge and the volume of the powder chamber, are not 
distinct. 

If one of them is admitted, the other results from it; this reduces 
the number of data which must be determined by experiment. 

3. Formula for initial velocities.—Calling 
® the weight of the charge of the powder, 

p the weight of the projectile, 

u the length the shot moves in the gun, 
¢ the calibre or diameter of the bore, 

4 the density of loading, 

f the force of the powder, 


*Memorial de l’artillerie de la marine, tome I, p. 643; tome II, p. 40; 
tome V, p. 401. 
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t the time of combustion of a grain under atmospheric pressure, 

é the real density of the powder, 

a, 4, numerical coefficients depending upon the form of the grain, 
A, B, y coefficients independent of the elements of fire; 

the initial velocity may be represented by the formula (see Part IV, 


(6)), 
(1) v= A(f)(FV(4)°G- tis 
| 1 —B£ - (ou) 
tT 20 ¢ 


4. Formula for pressures——The maximum mean internal pressure 
is given by the formula (see Part IV, (17)), 
- 1 
_ pJa( pm) (1 B\—i 
(2) Peek - \s 


the coefficient A being, like A and 2, independent of the elements 
of fire. 

5. The expressions (1) and (2) may be simply reduced to more 
convenient forms, as follows: It is known that a function is sensibly 
constant near a maximum. Now, in the ordinary conditions of 


; 2» ; : , 
practice, the ratio > differs little from the value 4, which gives to 


4 


oe , 
the function +(; _ 7) its greatest value equal to +. We have 


4 4 aoe 
FCF) = 5 


I I I 6 
(3) p> ye oa’ & 2 


if 


then, nearly, 


and, consequently, 


6. Reduction of the velocity formula.—Recollecting the approxi- 
; , I 1 \i-1 
mate relation (3), we may substitute for the factor (+ -- +) 


of (1) the product of 
ay—t 


ay—4 


by a numerical factor which may be compounded with A. 














ADDITIONAL PRACTICAL FORMUL&A, 167 


Also, calling s the capacity of the powder chamber, we have 


‘= The formula for velocity may therefore be written, 
tty. b—2y 2 b} 
(4) v= a(Z) = eh sn wt iE), 
pi oy 5 sy— } Tt g 


7. It is thus apparent that the exponents of the variables # and s 
are not independent. Putting them equal to g and 7, we have 


2g-+7=—I1. 
If we suppose the velocity proportional to the $ power of the 
charge, g =; and, consequently, y—=—+#. Therefore the velocity 


is inversely proportional to the + power of the capacity of the powder 
chamber. 

If the conditions of fire are such that we are led to ascribe to g a 
less value than }, the corresponding value of x decreases in absolute 
value. For example, we have y—=—}, for g=y5. This conse- 
quence of calculation agrees with the experimental facts.* 

8. We have, g=t-+,. If then we assume g=8, we have 
y=#. In this hypothesis, (4) becomes 
(5) o= (4)! =. [:—B— (pu)? 

* J (pes)*ot ¢ 
The value of the density 3 varies within rather narrow limits in 
practice. We may then, without sensible error, neglect the corres- 
ponding variations of é*, and consider this factor, reduced to its mean 
value, as comprised in the coefficient A. 

Restoring then the density of loading, we have for the definitive 
formula for velocity 


(6) o=A( 4) on!()' [1-8 + (oe)), 


9. Reduction of the pressure formula.—Replacing in (2) the factor 





I I ; :, il 
—s by the ee value (3), neglecting the variations of 
the square root of 3, and supposing the constant factors comprised in 


K, we find an expression of the form 


4 
p= Klei' i. 


similar to formula (18) of the preceding part. 





* Memorial ; tome V, p. 401. 
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We deduce from this the two following approximate laws: 

All other elements in a gun being constant, the maximum pressure 
is, 

1st. Proportional to the } power of the weight of the charge ; 

2d. Inversely proportional to the capacity of the powder chamber, 

As this reduction of the formula for pressures results from the 
assumption made in No. 5, it is necessary, in order that these two 


—— oa P 
laws shall be exact, that the ratio shall not differ much from }, 


é 

We believe, however, that this approximation will suffice, in prac- 
tical applications, in the determination of a quantity which cannot at 
present be precisely found. 

10. Determination of the coefficients A and B of the formula for 
velocitty.—The change in the formula requires that these shall be again 
determined. This may be done by supposing (see Part IV, Nos. 8 
and 9) that the standard powder, defined by the data 


J magicoo, t0a790, e==3, A4=1, 


will give, in the 24 cent. and 14 cent. guns, velocities of 437.1m. and 
438.4m., in the conditions of fire specified in the table of No. 9. 

We have thus two equations which give the values, 

' A= 1.691, 8B=.00831, 

the units being the kilogram, decimeter, and second. 

11. Formula for velocities.—Introducing these values in (6), and 
calling « and f the characteristics (Part IV, No. 7) of the powder, 
we have 


(7) v= 1.6914 (wu)' (=) [s — .00831/ (o)"). 


Such is the new formula we wished to establish. 

12. Experimental determination of the characteristics of a pow- 
der.—It has already been shown (Part IV, No. 17) how this may be 
done. 

With the new formula, the process should be as follows: 

Put, for shortness 


1.691 (@v)"( ~ y = 
’ y—_—)=s-> 
pe xX 


} 
.00831 Gi" = Y. 


(8) 
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equation (7) may then be written, 
Xvm=a—uf ¥. 

Calling X,, 1; X:, ¥2, two particular values of X and Y, and z 

and 7, the corresponding measured velocities, we have 
§ Xv, =4— af ¥,, 

(9) ( X,7,—=4— af ¥Y,; 
which give « and ; 

If we use in the determination the fire of the 24 and 14 cent. guns 
in the conditions already given (Part IV, No. 9), the numerical values 
of Xand Y are as follows: 


pai { X, = 0.19825 
24 cent. gun y, aa 25465 

. ; § X, = 0.24474 
14 cent. gun { ¥,=0.14144 


In particular, for the A,B powder, giving 439.7m. in the 24 cent. 

and 441.6m. in the 14 cent. piece, we have the values, 

a= 1342, P==1.37 
which are the same as those found with the formula of Part IV (see 
Part IV, No. 19). Also, these quantities being the basis of the cal- 
culation of the characteristics of the ordinary French powders, it is 
evident the table of No. 22 of Part IV may be used in the practical 
applications of (7 

13. With regard to the figures of this table, it may be well to note 
the following relative to the four French powders. 

The characteristics were calculated upon the assumption that the 
grains are parallelopipedons with square bases. We thus suppose 
a regularity of form which the method of screening does not always 
secure. In fact, the fabrication determines only one dimension, that 
of the thickness of the cake, with precision. Perpendicularly to the 
thickness, the dimensions vary irregularly within certain limits. 

It may then be more exact to assume, as a mean, that the grain is 
flattened cylinder, whose radius may easily be deduced from the 
thickness and density, and the number of grains to the kilogram. 

The values of « and /, calculated in this hypothesis, are as follows : 


Characteristics. 


Name of Powder, a B 
SP, 1297 1.266 
SP, 1570 1.913 
C, 1746 2.347 
& > 6 * 9eCc 
2 2004 3-355 


We shall conclude this note by deducing from (6) some relations 
which may be of use in practice. 
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14. Maximum velocity.—It has already been remarked (Part IV, 
No. 28) that, if r is considered a variable, and all the other quantities 
are constants, the velocity passes through a maximum. If we call +, 
the value of - which corresponds to this maximum, we have (see 
Part IV, No. 29), 


— 


A( pu)! 
c ’ 


and the corresponding velocity is of the form, 


- 3 ee 1 
8’ Ji cin 
(10) = A( BAS La 
A p 
the value of A, being* 
2 se 
A,==— A(3B) 7. 
5 om 


This new value of v, shows that, if the powder used differs little 
from that which will give the maximum velocity, and if the travel of 
the shot varies between narrow limits, the zztia/ velocity is sensibly 
proportional to the & power of that travel. 

15. On the greatest value of the velocity corresponding to a given 
value of the maximum pressure.—The theoretical formula for velocity 
leads also to the following result (Part IV, No. 42). Among the 
systems of values of J and = which give the same pressure, there is 
one for which the velocity will be a maximum. 

Let us call +, and J, the values of - and J which, for a given value 
of P, give the maximum velocity. We easily find, 

: l 
tT) .04155 = = 


— 
ACu- 


2.716 — 2, 
jam 


o I i 
fa\i wiutec? 1 
14= 8.520 ( 7) y pe 
. p’ 


16. The preceding formule represent the facts of experiment with 
an exactness which is sensibly the same as in the use of those which 
were established in the hypothesis that the initial velocity is propor- 
tional to the x4 power of the charge, and inversely proportional to 
the } power of the density of loading. They are perhaps simpler 
and more convenient for purposes of application. 


*Replacing 4 and & by their values found in No. 10, 4 = 1.661, B= 0.00831, 
we find the numerical value of A, to be 7.140. 





